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ABSTRACT. 


The Holden mine produces copper, gold, and zinc from a shear zone- 
replacement deposit in which the control of mineralization was primarily 
structural. Selective replacement of a sheared siliceous amphibole schist 
host rock was a contributing factor. Two stages of mineralization are 
recognized. The ore body has been severely intruded by post-ore plu- 
tonics of a dioritic nature. No serious displacements of the economic por- 
tion of the mineralized zone have occurred. 


INTRODUCTION. 

The Holden Mine, which is owned and operated by the Howe Sound Com- 
pany, is located in Chelan County, Washington at Holden (Fig. 1). This 
small mining camp (pop. 601) is situated on the east slope of the Cascade 
Mountains on Railroad Creek, which flows eastward into Lake Chelan. The 
mine may be reached by a 40-mile boat or airplane trip from Chelan to Lu- 
cerne, a small resort community on the west shore of Lake Chelan, and thence 
by automobile eleven miles from Lucerne to Holden. 

The red outcrops of the Holden Mine were noted by Major Rodgers, who 
made a location survey for the Great Northern Railway up Railroad Creek 
Valley in the summer of 1887. Major Rodgers described the mineral possi- 
bilities to Mr. Denny of Seattle, who in 1892 grubstaked J. H. Holden to pros- 
pect the area. Mr. Holden, in July of that year, staked the claims which are 
now being mined. Various individuals, syndicates, and companies held op- 
tions on the property until 1928 when Britannia Mining and Smelting Com- 
pany, a subsidiary of the Howe Sound Company, took control. After con- 
siderable exploration and development, the mine started production in April, 
1938. 

Since 1938 the Holden Mine has been the largest gold and copper mine in 
the state in terms of tonnage mined and metal produced. The U. S. Bureau 
of Mines reports show that the Lake Chelan area produced, during the twelve 
years—1938 to 1949 inclusive—154,546,000 pounds of copper, 28,558,000 
pounds of zinc, 458,590 ounces of gold and 1,620,219 ounces of silver. 
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Fic. 1. Index map of the State of Washington showing the location of the 
Holden area. 


GEOMORPHOLOGY. 


The Holden mine is located in a rugged mountainous region in which relief 
of 6,000 feet or more over the surrounding valleys is not uncommon. All of 
these valleys show the usual evidence of thorough glaciation. In fact, there 
are many retreating glaciers in the immediate vicinity. The townsite eleva- 
tion is 3,209 feet above sea level and that of the 1,500 (main portal) level is 
3,435. The approximate elevations of several nearby peaks in feet above sea 
level are: Buckskin Mountain—8,100; Mount Fernow—9,100; Bonanza Peak 
—9,500; Martin Peak—8,200. Slopes, where not too precipitous or covered 
with slide rock, are mantled by dense growths of buck brush with a few stands 
of yellow pine. 

Average annual precipitation in the Holden area amounts to 38.29 inches 


which includes 29314 inches of snow. The average annual temperature is 
40.3 degrees. 


METAMORPHIC ROCKS. 


The metamorphic rocks of sedimentary derivation cropping out in the 
Holden area are apparently all of the same geologic age. No sharp breaks 
have been noted in the field which would indicate the existence of an un- 
conformity. Three distinct rock units have been mapped’ (Fig. 2) and have 
been named the Martin Ridge and Buckskin schists, and Fernow gneiss for 
the area in which the best exposures of each unit are found. The ages as- 
signed to these rocks by various geologists have varied from Paleozoic to Pre- 
cambrian. A definite assignment of age will have to await a regional study. 
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The sequence of deposition of the sediments is not clear. . It would appear 
that the gneissic rocks of the Fernow unit are older than the less metamor- 
phosed Buckskin schists and Martin Ridge argillites, which would require the 
beds to be overturned, as the Fernow gneisses now lie stratigraphically above 
the Buckskin and Martin Ridge schists. 

Martin Ridge Schist—The Martin Ridge schist is composed of alter- 
nating bands of argillaceous amphibole schists and quartzites, varying in 
thickness from Yo of an inch up to an inch or more, and a bed of marble. 
The thinner bedded material tends to have massive and blocky outcrops; the 
thicker bedded material to develop platy cleavages and, upon weathering, to 
break up into platy pieces 44 to 34 inch in thickness. These beds weather 
from a buff brown to a red color due to oxidation of disseminated pyrite. A 
persistent marble bed occupies a horizon 20 to 25 feet above the contact of the 
Buckskin with the Martin Ridge formation. This bed varies in width from 
2 to 10 feet and is granular in texture. The total thickness of these beds is 
approximately 3,300 feet. 

Buckskin Schist—This unit is composed of a thick series of quartz- 
amphibole schist containing two horizons of intermittent marble beds and 
calcareous schists. A fresh break generally exposes a thin bedded gray rock 
of quartz and amphibole. In some areas the amphibole minerals have been 
altered to black biotite by metamorphism and the rocks locally become quartz- 
biotite schists. These rocks weather to massive gray outcrops. Mapping 
indicates these beds have a thickness of 3,000 to 3,500 feet. 

Fernow Gneiss——The Fernow gneiss is made up of a thick series of 
quartz-amphibole gneisses, the thickness of which is unknown as they extend 
outside of the area mapped. These gneisses appear to be a part of the same 
sedimentary series as the schists, as indicated by the gradational border phase 
between the two rocks; however, they have the appearance of granite gneiss 
and have been commonly described as such. 


IGNEOUS ROCKS, 


Intrusive rocks in the Holden area are numerous (Fig. 2). They appear 
in the form of dikes, sills, and stocks, and based upon field relations of similar 
rocks in adjacent areas, are believed to vary in age from Jurassic to Eocene 
and younger. The principal intrusive rocks are peridotite, diorite, grano- 
diorite, and associated aplite, leucophyre, and lamprophyre dikes. 

Peridotite—The peridotites are generally coarse grained, massive, horn- 
blende rocks. Some medium grained masses have been observed. They oc- 
cur as dikes and elliptical shaped bodies. These rocks are believed to be of 
Jurassic age and the oldest of the intrusives in the area. 

Quartsz-Hornblende Diorite—This rock varies in texture from medium to 
coarse grained and contains abundant hornblende with orthoclase, plagioclase, 
and quartz. It occurs as a massive body to the south of the Mine ore zone. 
The intrusive and the metamorphics around its periphery have suffered consid- 
erable granitization, biotization, and chloritization. The outcrop weathers to 
a buff brown. This intrusive has also been tentatively assigned to the Jurassic. 
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Diorites and Related Rocks—Rocks of diorite composition are by far the 
most common intrusive rocks in the area. These rocks are of two ages. One 
group is believed to be related to the Chelan intrusives of Cretaceous age 
which crop out to the east of the Holden area, and the second group to the 
Tertiary Cloudy Pass intrusives which are exposed to the west of the area. 
Some question exists as to whether both groups should not be assigned to the 
Cretaceous; however, the relative age relationships do appear to be correct. 
The Cretaceous diorites are represented by the Chelan batholith and numerous 
sill-like dikes that can be seen cropping out on the slopes of Martin Ridge, 
Copper Peak, and Buckskin Mountain. The Tertiary diorites are repre- 
sented by vertical dikes and plug-like masses exposed on Martin Ridge and 
north of Holden Lake. 

A plite Dikes——Numerous aplite dikes are observed cutting the diorite dikes 
in the mine workings. They are generally fine grained, white in color, and 
vary in width from a fraction of an inch up to one foot or more. 

Leucophyre Dikes.—This is a local term used in reference to a series of 
medium grained porphyritic granodiorite and quartz-diorite dikes with glassy, 
chilled borders. The rock is composed of orthoclase, plagioclase, some quartz 
and amphibole. The dikes strike in a southwesterly direction, dip 60 to 70 
degrees to the east, and cut all other rocks in the area except lamprophyres. 
They have been tentatively assigned to the Tertiary. 

Lamprophyre Dikes——Lamprophyre dikes are numerous in the Holden area 
and cut all other rocks. They have a southerly strike, dip steeply to the east, 
and generally do not exceed 2 to 3 feet in width. They are extremely fine 
grained, although the larger dikes commonly contain small phenocrysts of horn- 
blende. The borders of these dikes are glassy, and where they have penetrated 
mineralized zones, inclusions of sulfides arecommon. These dikes are believed 
to be related to the late vulcanism in the Cascade region. 


STRUCTURE. 

Folding.—The metamorphics appear to be the lower limb of an overturned 
isoclinal fold with a northwesterly trending axis and a dip of 65 to 70 degrees 
to the southwest. Several small drag folds on the limb of the major anti- 
clinal folds have been observed. These folds are tight and have a tendency 
to overturn. The structural control limiting economic mineralization to the 
east of the mine zone appears to be a fold of this type (Figs. 3, 4). It has 
an axis plunging at about 60 degrees to the southeast, down the dip of the 
metamorphics. 

Faulting—The most important structural adjustments are shear zones 
which were formed during the uplifting and folding of the sediments by release 
of stress between incompetent and competent beds. Thus, they conform to the 
dip and strike of the sedimentary beds. . These shear zones have economic im- 
portance because mineralization has been localized within them. Post-mineral 
flat thrust faults and steeply dipping normal right and left hand faults offset 
the ore body. The flat faults have movements up to 20 or 25 feet and the 
steeply dipping faults displacements of 60 to 1,500 feet or more. 
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Fic. 3. West-east section, Holden Mine, in plane of shear zone (— 68° SW). 
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MINERALIZATION. 


The Holden ore body occurs within one of several mineralized shear zones 
in the Holden area. This shear zone is the only one that is known to contain 
minerals in economic quantities although nearly all exhibit some of the desired 
characteristics. The ore body crops out along the strike of the shear for ap- 
proximately 2,500 feet, fading into barren pyrite-sericite areas which typifies 
the other mineralized zones. 

The- Mine zone is enclosed by quartz-amphibole rocks of the Buckskin 
schist. Within the shear, mineralizers have altered the hornblende to biotite 
with minor chloritization and sericitization, introduced quartz and several 
metallic minerals, the principal ones of which are pyrrhotite, pyrite, chalco- 
pyrite, sphalerite, and gold. 

Two stages of mineralization have been recognized within the mine (Chart 
I). The order of mineral deposition of the first and strongest has been gen- 
erally accepted to be as follows: Magnetite, quartz, pyrite, pyrrhotite, sphaler- 
ite, chalcopyrite, galena, quartz, gold, quartz. 
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Cuart I. Comparative age relationships of mineral deposition, Holden Mine. 
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Most of the ore in the mine belongs to the Jurassic stage of mineralization, 
however, some chalcopyrite and sphalerite found in the west end of the mine 
are possibly of late origin. ‘The economic minerals appear to favor replace- 
ment of the more siliceous phases of the host rock although the biotite has been 
somewhat attacked. The mineral assemblage of the first period indicates me- 
dium to high temperature mineralization. 

The second stage of mineralization is weak and apparently widespread. 
Minerals were deposited in the following sequence: Quartz, molybdenite, cal- 
cite, bournonite, sphalerite (7), silver (?), chalcopyrite, galena, radio active 
mineral (pitchblende). 

Quartz deposition introduced the second stage. This quartz may actually 
be the same as that which ended the prior mineralization period and is shown 
as such in Chart I. Fissures and cavities due to late fracturing appear to be 
the favored locales of deposition. A cavity filling above the 2325 level dis- 
closed quartz crystals, containing water and gas bubbles, on which calcite and 
bournonite crystals had precipitated. The bournonite faces were in turn cov- 
ered with minute chalcopyrite crystals. This is definitely low temperature 
mineralization. 

OCCURRENCE OF MINERALS. 


Magnetite-—Magnetite is seldom recognized in the ore zone megascopi- 
cally ; however, it is frequently found in the mill where boulders containing 
sufficient quantities have stopped the solenoid controlled picking belts. The 
infrequent recognition of the mineral in underground specimens is probably 
due to its confusion with sphalerite. Magnetite has been recognized in speci- 
mens from outlying outcrops, particularly in those close to the hornblende 
diorite intrusive. 

Pyrite—Pyrite is abundant in the mineralized zones and also occurs as 
disseminations in the argillites. The pyrite in the mineralized zones repre- 
sents an early stage of mineralization. Thé mineral is highly brecciated and 
its edges corroded. Crystals are rarely seen within the Mine ore zone; how- 
ever, outside the ore zone and in other mineralized zones, cubes of pyrite are 
not uncommon. 

Pyrrhotite —Pyrrhotite is abundant within the Mine ore zone, but rapidly 
decreases, and the ratio to pyrite increases outside of the ore zone. The min- 
eral is massive and is not as shattered or fractured as the pyrite. Pyrrhotite 
commonly heals fractures in pyrite. 

Sphalerite—Sphalerite occurs as gradational phases between dissemina- 
tions and massive replacements in the footwall of the ore zone. Sporadic con- 
centrations appear within the chalcopyrite-pyrrhotite areas, particularly on the 
sast end of the mine. The sphalerite mineral has a high iron content and ap- 
proaches marmatite in composition. Silver mineralization appears to increase 
in the footwall area in association with sphalerite. 

Chalcopyrite—The copper mineralization is concentrated in the central 
portion of the mineralized zone and varies from massive to disseminated chalco- 
pyrite. The mineral heals fractures in pyrite and pyrrhotite, and replaces 
these minerals. 











THE GEOLOGY OF THE HOLDEN MINE. 9 


Galena.—Galena occurs sporadically along the footwall-of the mine zone 
associated with marble or calcerous metamorphics. The mineral shows little 
shattering. One specimen has shown crystalline galena and chalcopyrite inti- 
mately allied. 

Molybdenite-——The molybdenite occurs as bladed crystals in the pyrite, 
chalcopyrite, and gangue material. It appears to be one of the last sulfide 
minerals to be introduced. The mineral is found occasionally in a hand 
specimen and has no economic importance. 

Quartz —Considerable quartz has been introduced into the Mine zone. 
One period of silicification appears to have been introduced prior to the sul- 
fides and one later. Free gold has been reported occurring along fractures 
in the younger quartz. Chalcopyrite has been noted also to fill minute frac- 
tures in quartz. 

Gold.—The principal gold mineralization is associated with pyrite, pyr- 
rhotite and chalcopyrite in the central part of the ore zone. Weak gold min- 
eralization accompanies the footwall sphalerite, pyrite, pyrrhotite area. The 
hanging wall quartz, pyrite, pyrrhotite zone contains only traces of gold. The 
gold appears to be associated primarily with chalcopyrite and in smaller 
amounts with the iron sulfides and quartz. 

Silver—A silver mineral has not been recognized in the mine. However, 
silver is apparently widely scattered throughout the Mine zone. Sampling of 
ore shows an occasional assay from high sphalerite and galena sections con- 
taining up to 4 to 5 ounces of silver per ton. Silver appears to favor the 
footwall zinc zone, 

Bournonite.—This mineral has been recognized from only one place in the 
mine, and does not occur in economic quantities. The mineral was found as 
crystals growing on quartz crystals in an open fissure. The bournonite crys- 
tals are steel gray with a ribbed surface parallel to the long axis, and a honey- 
combed appearance on the ends. This mineral is low temperature, and points 
to a younger period of mineralization than that of the main ore body. 

Radio-active Mineral (Pitchblende).—Samples of radio active ore from 
the western portion of the 2325 level were sent to the Atomic Energy Com- 
mission for study. They were unable to identify the mineral, but concluded 
from the intensity of the radio activity that its source was pitchblende. The 
mineral has not been found in economic quantities. The radio-active minerali- 
zation is associated with heavy biotite schist zones in lead-zinc areas in the 
footwall of the Mine ore zone. 

Zoning.—Mineralization changes at right angles to the strike of the ore 
body and along the strike, indicating zoning. Changes in the mineral assem- 
blages are also noted with increased depths. 

Zoning across the vein has the following sequence from foot to hanging 
wall (Fig. 5): 


Footwall —pyrite, sphalerite, pyrrhotite, minor galena and silver. 
Center —pyrrhotite, chalcopyrite, gold, biotite. 
Hanging wall—pyrrhotite, pyrite, biotite, and sericite. 
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Fic. 5. Idealized cross section of mine shear zone showing zoning, Holden Mine. 
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Longitudinal zoning shows the following sequence from the center of the 
ore shoot to the east and west: 


Pyrrhotite, chalcopyrite, gold. 
Pyrrhotite, pyrite, biotite. 
Pyrite, biotite, sericite. 
Pyrite, sericite. 


Vertical zoning is not as well understood due to the limited vertical horizon 
explored. The chalcopyrite and gold content has decreased from that of the 
upper levels and the pyrrhotite—chalcopyrite ratio is increasing. The zinc 
content of the ore was not determined above the 1,500 level, so the effect of 
depth on sphalerite mineralization cannot be determined. 

It now appears that at depth, chalcopyrite mineralization will give way to 
pyrrhotite, and pyrrhotite in turn to pyrite. 

Structural Controls of Mineralization—The Holden ore body represents 
an ore shoot within a pyritized shear zone. The ore shoot is about 2,500 feet 
long, and has maintained this length from the surface to the 2,500 level, which 
is the lowest level explored. It has an average strike and dip of N 30°W, 
68°SW and pitches at about 60 degrees to the east. Copper, zinc, and gold 
mineralization to the east ends abruptly against a minor drag fold with a 
steeply dipping axis corresponding to the pitch of the ore body. The min- 
eralization westward gradually fingers, weakens and fades into pyrrhotite- 
pyrite-biotite type mineralization. 

One series of. granitic dikes are of pre-ore age, and are mineralized along 
their borders and within joints and cracks. These dikes, however, do not 
appear to have any important structural control on mineralization. The large 
volume of post-ore dioritic dikes displace, and in part, appear to stope out 
sections of the ore body. 


ORE GENESIS. 


3ased upon geologic information accumulated to date, the Holden ore body 
is believed to be genetically related to the Jurassic hornblende diorite intru- 
sive, which crops out to the hanging wall of the Mine zone on the north but- 
tress of Copper Peak. Hydrothermal solutions, which were given off at depth 
from this mass, migrated upwards through shrinkage fractures in the upper 
part of the plug and along shear zones in the adjacent metamorphics. These 
hydrothermal solutions biotized and chloritized the upper portion of the plug 
and introduced pyrite and, locally, considerable magnetite and pyrrhotite. 
The Mine shear zone and the Midway shear zone apparently intersect the 
intrusive at depth and acted as channel-ways for outward migrating hydro- 
thermal solutions. These zones provided more open passage ways for the 
solutions, and consequently were hosts for large volumes of migrating solu- 
tions. Where temperature-pressure relationships were favorable, the eco- 
nomic minerals were deposited. Other mineralized zones in the area prob- 
ably provided channel-ways for these solutions also. 

Subsequent igneous activity of Cretaceous and Tertiary time introduced 
large volumes of dioritic rocks as dikes and sills which cut the ore zone. 
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Some weak copper, zinc, lead, and silver mineralization appears to have been 
associated with the Tertiary igneous activity, and deposited minor amounts of 
these metals along structures developed at that time within the Mine zone. 


SUMMARY, 


The Holden mine is situated in an area of steeply dipping metamorphic 
siliceous sediments. These rocks are probably of pre-Ordovician age and 
have been subjected to all of the regional stresses which have formed the Cas- 
cade Mountains. They are composed of quartzites, amphibole schists, which 
locally become biotite schists, amphibole gneisses, and some marble. The 
metamorphics have been intruded by a wide variety of igneous rocks which 
range in composition from peridotites to aplites although most can be classified 
as diorite. 

Regional stresses formed permeable shear zones, conforming to the dip and 
strike of the sediments, and structural traps within the shears. The Mine 
shear zone tapped a Jurassic hornblende diorite mass at depth and mineralizers 
ascended through the weakened zone until dammed by a minor drag fold 
within the shear. An ore shoot was formed by selective replacement of sili- 
ceous phases of the amphibole-biotite schist host rock. Chalcopyrite, gold and 
sphalerite are the economic minerals present. 

Post-ore faulting is of two classes: steep eastward-dipping normal faults 
and shallow westward-dipping thrust faults. The position of the ore shoot 
has not been seriously affected by these ruptures. 
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WITH SPECIAL REFERENCE TO THE OCCURRENCE AT 
WOODSREEF, NEAR BARRABA, NEW SOUTH WALES. 


JOHN S. PROUD AND GEORGE D. OSBORNE. 


CONTENTS. 

PAGE 

PROGUTACE oo. 5:5 5:0 we biter clenalw ho 9 Sete Bey one Wlgiw 6: 61d. ohGie ie OLE ae CR ieee 13 
Teitroduction: 3.55 tiviets Srceak ov 0 cee obs shone Peek os kle cte cules lattes een 13 
The chrysotile Genosite. oc fssiereis 60k uulecs sicigcquerety ako » Caen es Pe ee ee 15 
General geclowical Bertier fo o.s.o sos 0's HS Ge wa ds «nares ce wee orate ean 16 
Tectonics of the ‘Westerh Zone 35.666 .c iste oh bce snes core ese e eee ee 16 
Tectonics: GE ENG SSAStOTH ZONE oi 5 g o-0.0:5,91s,000.yit vinic's' 030. oly tal be perth ae ee 16 
THE IQHCOUS CONMBIEK cio 5 occ 6s 65s Shs vis ese ase wed 04 aie cae ee cee 17 
Initial serpentintQAtiOM -s ..0oriis. v0. 06'050 balesieaaouie.s ois's oid. oitenin shed Siaie aes 20 
The fracttre Patter... ics ¢'s 05,a.s'e:sn.cine mn'9 seve des tb ocean ee eee 21 
Additive serpentinization and fiber development ..............ceeceeesccees 21 
Summary of structural and magmatic history 2.65.5... cca tceviesa ssuen on sie 22 
Concltsion  ..oi-cae sh o0e ool ond wince Sig vos Biba e Gd Cueto Aca ee aia en eee 23 


ABSTRACT, 


The almost exceptional scientific interest of chrysotile has led many in- 
vestigators to hypotheses concerning the physical and chemical controls 
necessary for the evolution of fiber from serpentine. Many workers have 
seen the need for the operation of some stresses upon massive serpentine, 
but the present writers feel that in no record known to them has evidence 
been described comparable to that deduced from a study of the Woodsreef 
deposits. 

It is considered that a complicated tectonic evolution marked the geo- 
logical events at Woodsreef. At this locality, part of the Great Ser- 
pentine Belt of N. S. W. crops out in a large lens-shaped mass possessing 
a marked virgation. Intrusion of harzburgite into Middle Paleozoic sedi- 
ments was accompanied by a partial serpentinization in an environment 
of tension or in static conditions. This was soon succeeded by strong 
thrusting associated with rotational stresses, causing the development of a 
marked and distinctive fracture-pattern. During this phase of movement 
a second intrusion of dunite-harzburgite invaded the earlier mass, which 
latter suffered further strong serpentinization by solutions which, though 
not genetically connected with the dunite, were made available about the 
time of its advent. Initial stages of fiber development now developed, and 
while rotation and torsion were in fuller progress, numerous dikes of 
dolerite invaded the complex, supplying heat and deuteric solutions for the 
continued conversion of serpentine to fiber, the correct stress-environment 
being available. This last point is emphasized below. 


INTRODUCTION, 


WoopskEEF is a small village situated about 11 miles east of Barraba, a town 
lying 340 miles NNW of Sydney. 
13 
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The Woodsreef serpentine and associated basic intrusives form part of the 
Great Serpentine Belt of New South Wales, made well known by the notable 
researches of W. N. Benson.’ Recently a full account of the Woodsreef area 


1 Benson, W. N., The geology and petrology of the Great serpentine belt of New South 


Wales, Parts I and III: Linnean Soc. New South Wales Proc., vol. 138, p. 491, 1913; vol. 40, 
p. 601, 1915. 
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from a purely structural standpoint was given by one of us * but it is necessary 
in this paper to review certain of the tectonic features of the district. 

The portion of the belt of interest in the present communication is lensoid 
and of dimensions about 5 miles and 14% miles for major and minor axes. 
The main trend of the belt is N20°W and about midway along the eastern 
margin a marked virgation leaves the parent mass, trending N25°E (Fig. 1). 
The western boundary of the belt is a pronounced fracture-zone and is fairly 
linear. The eastern boundary is more irregular, in places of zig-zag and in 
other places of winding pattern. Alternations of average directions from 
N20°W to N25°E mark this eastern edge, except where fractures (probably 
faults) are present along directions respectively S of E, and SE-NW. 

The western contact is approximately vertical but: the eastern contact 
varies in dip from 60° west to 60° east, westerly dips being the more common. 

The ultrabasic complex has invaded Middle Paleozoic sediments. 


THE CHRYSOTILE DEPOSITS. 


About the central portion of the Woodsreef serpentine mass chrysotile- 
asbestos occurrence is widespread over an area of approximately 1,000 acres. 
The tenor of most of the ground is low but selected patches were worked dur- 
ing 1918-1921 for a small output totalling 2,122 long tons. 

The fiber is of excellent quantity though somewhat dry to the touch and 
rather short. Veins are always cross-fibered, generally at an angle less than 
90° to the walls. This deviation from the perpendicular in most cases ob- 
served varied from 5° to 15°. It will be shown later that there were two 
periods of fiber development which, though distinct, were separated by only a 
short interval of time. 

The following is a chemical analysis of chrysotile from Woodsreef. 


SiO2 41.24 ‘ 
Al2Os3 .06 
Fe203 2.40 
FeO 2.16 
MgO 38.43 
MnO .14 
H20 (100°) 2.00 
HO (100 +) 13.42 
TiOz tr. 
P2205 tr. 
CO: .10 
SO; 37 
100.32 
Absent: CaO, Na2O, K2O, Cr2Os, FeS2, Ni(CO)O. 


Analyst: W. A. Greig. 











2 Osborne, G. D., Structural evolution of the Hunter-Manning-Myall Province, New South 
Wales: Royal Soc. New South Wales Mon. 1, 1950. 
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GENERAL GEOLOGICAL SETTING, 


Stratigraphy.—The country rocks comprise: 


(1) Burindi Series (Lower Carboniferous) 
Basal conglomerates, mudstones, tuffs, claystones with marine fossils and 
occasional driftwood. 

(2) Barraba Series (Upper Devonian) 
Carbonaceous mudstones with impressions of Lepidodendron australe. 

(3) Tamworth Series (Partly Lower, and mostly Middle Devonian) 
Radiolarian cherts, tuffs, claystones, greywackes, spilites, sheared con- 
glomerate and jaspers mostly in prominent “bars.” 


Broad Structural Setting—A dominant structural feature of the area is 
the Main Fault Line passing about 1% miles to the west of Woodsreef village, 
and trending N20°W towards Warialda where the serpentines are obscured 
by younger formations. It is convenient to divide the region into an eastern 
and a western zone, these lying adjacent to the serpentine complex, on oppo- 
site sides. 

Tectonics of the Western Zone-—The magnitude of the main fault is indi- 
cated by the fact that it always separates rocks of different geological ages, 
the Western Zone being composed of Barraba and Burindi terrains and the 
Eastern Zone of Tamworth Series. The Burindi belt is narrow and is sepa- 
rated from the Barraba mudstones by a subsidiary normal fault. The dip is 
everywhere steep in the normal-fault zone. 

Immediately west of the faulted strip of Burindi rocks is.a group of folds 
in the Barraba Series, with a strike of N25°W. Small tectonic features in 
the rocks west of the serpentine line all give testimony of the former operation 
of steep normal faulting and a minimum of horizontal shearing within the 
western block. This block seems to have been immune from much of the later 
thrusting and torsion which were taken up by the rocks of the Eastern Zone 
and the weak ultrabasics. : 

Tectonics of the Eastern Zone—There is a marked contrast between the 
tectonics of the Eastern and Western Zones respectively. Already some de- 
tails have been given of the complicated fracture-pattern bounding the serpen- 
tine and its virgation. This boundary is the western limit of the Eastern Zone. 

It is considered here very appropriate to note carefully the tectonics of 
the eastern country rocks in order to be able properly to assess the significance 
of the stress episodes controlling the emplacement of the ultrabasic rocks. 

The main plan of the Eastern Zone is built of pitching folds with drag- 
crumplings on the limbs. These folds are cut by several systems of jointing, 
and by steep faults many of which are meridional in trend. In some of the 
last-mentioned, strong jasper-bars up to 130 feet wide may occur with good 
linear development extending unbrokenly for as much as a mile, and continu- 
ing on intermittently for long distances. 

The analysis of joints and faults indicates that the Eastern Zone suffered 
a good deal of compression from the east-north-east during the operation of 
the rotational stresses. On the other hand, certain steep faults, unconnected 
with shear-phenomena, were produced in quiescent periods between shearing. 
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Some of the masses of country rock now isolated in the serpentine near 
its eastern edge are of “lozenge” pattern indicating the mechanical effect of 
the intrusive peridotite at a time of pronounced shearing stresses. Further 
evidence of this lies in the facts to be observed along the eastern edge of the 
serpentine where much deformation (“paste-sheeting”) is seen. Some of 
this “sheeting” is due to later movements in the belt, possibly of post-Paleozoic 
age. Altogether a complexity of structure, absent from the western territory, 
is a feature of the Eastern Zone. 


THE IGNEOUS COMPLEX. 


Field and petrological investigations lead to the conclusion that successive 
emplacements occurred in the following sequence : 


(1) Harzburgite grading into pyroxenite. 

(2) A more basic peridotite, best called a harzburgite-dunite. (However, 
on account of the awkwardness of such a name, the term “dunitic 
phase” will often be used below for this more basic intrusion. ) 

(3) Gabbro, now much deuterically altered. 

(4) Dykes of dolerite and quartz-dolerite. These are particularly abun- 
dant, more than 100 having been mapped in the area, 


Harzburgites—These constitute the first injection. In places they be- 
come very rich in pyroxenes and approach pyroxenite in composition. They 
form by far the greater part of the complex. They are recognized in the field 
by their weathering to a rough red outcrop. Jointing is not well developed 
in them but they have suffered local fracturing as follows : 


(a) marginal to the areas of dunite-harzburgite. 
(b) along the western boundary of the complex and to some extent along 
the eastern boundary. 


In these areas of fracturing, “intrusion-breccias” are common where the 
fragments of the harzburgite are embedded in the mass of crushed dunitic 
rock (Fig. 2). These relationships are excellently displayed in the sections 
along the cliffs of Broadbeck Creek, about one and a half miles west of Woods- 
reef Post Office. Also, fragments of the earlier harzburgite from a foot or so 
in diameter to large lozenge-shaped masses occur near the old asbestos quar- 
ries (in the neighborhood of intersection, S 3000/E 5000, Fig. 2). 

The enclosing dunite had little if any thermal effect upon the earlier phase, 
but the effect of intrusion has been to develop a strongly contused and sheared 
product (Fig. 2). 

The rocks are mostly coarse-grained and nearly equigranular. Some are 
almost free from alteration, but the prevalent types are those showing the im- 
press of one or both of the two periods of serpentinization. 

The minerals present comprise olivine, enstatite, chromite and a little 
magnetite. 

The olivine alters in the first instance to confused masses of serpophite, 
finely fibrous chrysotile, and some brucite. Later fiber-chrysotile is gener- 
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ated from the earlier material. Enstatite changes to bastité, the full pseudo- 
morphism being the result of the intrusion of the dunitic phase. Some of the 
harzburgites show small amounts of tremolite and talc possibly due to shearing. 

Dunitic Phase—These rocks vary in composition, but as a whole could 
not be described as dunites. In places the pyroxene dwindles to 12 percent 
of the rock, but this is not the rule. They arrived to inject the earlier peri- 
dotite not long after its emplacement. These dunitic rocks are of finer texture 
than the pyroxenic types, show little original mineral outlines, and are of a 
general gray-green color. They are best developed thus: 


(a) In the area between the Barraba-Bundarra road and codrdinate S 


(b) Along the western fault face. 
_(c) In the virgation, which is devoid of true harzburgite. 


In spite of what has been said about the short interval between the two 
intrusions, it is to be pointed out that the time-break was definite and effective. 
The tectonic environment of the later phase is quite distinct from that of the 
earlier. 
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In the section (Fig. 3) good evidence of the relations of the two peridotites 
is shown. It will be noticed that the unstressed peridotite gradually merges 
into a contused and xenolithic zone where sheared dunitic rock has mashed it 
into a fractured and partially serpentinized mass. This latter then becomes 
more strongly serpentinized at the zones of mechanical injection. 

These rocks are rich in olivine, but the rhombic pyroxene cannot be re- 
garded as an accessory, and so the rocks stand on the border of dunite and 
harzburgite. The olivine-may be completely changed to serpophite-mesh 
with finely fibrous chrysotile, some antigorite, and brucite. The subordinate 
enstatite proceeds to bastite from which antigorite commonly develops. Some 
relict schiller-structure is occasionally discernible. Finely dusted siderite 
commonly causes turbidity in thin sections of these rocks. Shearing is prev- 
alent in some rocks with much tremolite. Other examples show growth of 
fiber-veins from serpophite-antigorite-chrysotile. 

Gabbros.—Small patches of deuterically altered gabbro are found in the 
area. In places the rocks are schistose, due partly to shearing associated with 
intrusion, and to the non-resistant character of the rocks after deuteric altera- 
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tion, so that later minor movements have deformed them notably. In places 
the outcrop is cut off by a fault as is shown on the map (Fig. 2, E 2000 to E 
3000 ; S 00 to S 1000). 

In verious parts of the world in ultrabasic complexes, the intrusion-se- 
quence is pyroxenite-dunite-gabbro-and/or dolerite. The characteristic fea- 
ture is to have one or other of the last two dominant. At Woodsreef the 
gabbros are very subordinate and are seen to be intersected by dolerites (as at 
E 1500/S 3500) so that the age-relations are clear. 

The rocks are medium to coarse, and are rarely free from complete deuteric 
reconstruction. The original minerals were plagioclase, pyroxene, ilmenite 
and occasionally apatite. The gabbroic fabric is still retained, but the feldspar 
is now in the form of confused masses of zoisite, calcite, and kaolin. The 
augite has been replaced by complex masses of chlorite, hematite, and calcite. 

Dolerites—These rocks play an important role at Woodsreef in regard to 
fiber occurrence. They are injected over a wide area in dispersed masses 
varying from a few feet up to a maximum of 300 feet in length. Their width 
is approximately from 4% to 4 of their length, their characteristic shape being 
lensoid. It is clear from the geometry of the dike-outcrops that ease of injec- 
tion was often pronounced in a direction normal to the strike of the dike. 

The selection by the dolerites of a pre-existing or developing fracture- 
system for their emplacement gives a pattern of occurrence which is of the 
utmost importance in the development of the asbestos (see below). 

Beyond crudely developed cooling-fractures the dolerites show no other 
structural weaknesses. 

These rocks are fairly uniform in composition, the texture varying a little 
from medium to fine. The fabric is sub-ophitic, and the primary minerals are 
plagioclase, diopsidic pyroxene, a little quartz, apatite and ilmenite. The rocks 
are mostly fresh but alterations of the minerals (partly deuteric in character) 
are common. The secondary products are epidote, chlorite, kaolin, calcite 
and hematite. The quartz is generally intergranular and is the expression of 
the slightly over-saturated composition of the rocks. 


INITIAL SERPENTINIZATION, 


The probable cause and mechanism of serpentinization is not discussed 
here, but it is clear that there were (a) an initial (possibly autometamorphic) 
serpentinization that affected the harzburgite during its uprise from depth, (b) 
a similar separate process which affected the dunitic phase before its plastic 
intrusion, and (c) an additive serpentinization which is briefly dealt with 
below. 

In the pyroxenitic rocks the initial serpentinization was such that many 
olivines are still present in the fresh state. The enstatite has developed bastite 
generally only to a small degree. 

The dunitic rocks experienced this initial serpentinization to a much 
greater extent with water of crystallization up to 9-10 percent (70 percent 
completion). This product was later injected by a process largely connected 
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with plastic flow and mylonitic deformation which may kave engendered 
quite a considerable amount of heat. It is remarkable that some of the par- 
tially altered rhombic pyroxene crystals show little deformation while the 
olivine and derivative serpentine are sheared. 

The harzburgite bordering upon the intrusive dunitic phase is commonly 
more strongly serpentinized than the rock farther away. This is due to the 
operation of solutions brought along at the time of the Cunitic invasion, but 
(we believe) not derived from the dunite, which was probably in a plastic 
condition. The susceptibility of partially serpentinized harzburgite to additive 
change is the result of the rather limited alteration that occurred in the initial 
change. This was promoted by the high mobility of the solutions that pene- 
trated the pyroxenitic rock. 


THE FRACTURE PATTERN. 

During the development of the fracture-zone within the Tamworth series 
into which the N25°E virgation was injected, the block east of the main fault 
was moving towards the south. This lateral movement was of sufficient mag- 
nitude to fracture the dunitic rocks and act as the spur to a fresh period of 
igneous injection. This time the gabbro was emplaced, followed closely upon 
by the dolerites, which selected the fracture pattern then developed, or more 
probably in the process of developing. 

This fracture system consists of : 


(a) A series of shears mostly striking N25°E, and a second set with 
trend N20°W parallel to the main fault line. The direction of mini- 
mum pressure (or tension) is roughly E-W. The dolerites invade 
this shear pattern with elongation along the shear directions. The 
width of the dikes is indicative of the stress differential at point of 
injection, i.e., stabilized conditions of injection were achieved when 
the hydrostatic pressure of the dolerite magma equalled the stress dif- 
ferential or difference between the maximum and minimum pressures. 

(b) Between zones of shearing there was developed a complex joint sys- 
tem in the serpentine. Analysis of this is not simple due to pre-exist- 
ing jointing derived from first, cooling and secondly, volume adjust- 
ments following serpentinization. Conjugate systems were noted 
having two main directional trends: 


1. N-S + (0 to 16°) strike and 50°-70°E dip. 
2. E-W + (0 to 8°) strike and 40° to 90°S dip. 


- 


A great number of tensional fractures related to the fracture-system 
described under (a). 


ADDITIVE SERPENTINIZATION AND FIBER DEVELOPMENT, 


Accompanying the progressive fracturing of the rock mass and the dolerite 
injection was a considerable emanation of hydrothermal solutions which car- 
ried serpentinization of the dunitic rock to virtual completion. 
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In considering this additive serpentinization, application of the principle 
of mass action suggests that the rocks most susceptible to further serpentiniza- 
tion are those that have a low initial (autometamorphic?) serpentinization, 
whereas rocks in which the process is already advanced would be resistant to 
much further serpentinization. 

It is significant that probably all the major chrysotile deposits in the world 
occur in rocks that have a history of low initial serpentinization plus a strong 
additive phase of the process. 

At Woodsreef the initial serpentinization of the dunitic host rock was ad- 
vanced. The localization of fiber occurrence to areas where dolerite injection 
has attained appreciable development is considered more than fortuitous. 
That the stress environment for the dolerite emplacement and fiber develop- 
ment may have been interconnected, is considered probable. 

It is suggested that the presence of the hot dolerite magmas had a heat re- 
inforcement effect on the dunitic rock mass which made possible completion 
of serpentinization in these areas, within the time limits set by the period of 
rock deformation. 

That the asbestos occurrence, although widespread, is not accompanied by 
high fiber values and that the staple of the fiber is generally short are a reflec- 
tion of the limited additive serpentinization that remained to be done. 

Completion of the additive phase of serpentinization left the dunitic rock 
in a more plastic condition. Subsequent movement of the eastern block has 
occurred and the plasticity of the rock has caused stress relief to be localized 
along pre-existing shears with development of shatter zones, and a wide zone 
of paste sheeted material marginal to the main fault and a lesser development 
along the eastern contact. 

This paste sheeting has protected the dolerites from the effects of dynamic 
alteration. 


SUMMARY OF STRUCTURAL ANR MAGMATIC HISTORY, 


Description of Section (Fig. 3).—Details of this can be given before a 
summary of the intrusion history is considered. The several portions of the 
exposure are: 


(a) Almost massive harzburgite unaffected by intrusive dunite and pos- 
sessing the regional joint-pattern. 

(b) Transitional zone between (a) and (c). Here the harzburgite is 
mostly altered by autometamorphic and associated hydrothermal ac- 
tion with the production of some old fiber, now mostly picrolite. 
There is no polished and sheared serpentine. 

(c) Zone of intense complication due to intrusion of harzburgite by later 
peridotite. There has been intimate penetration followed by meta- 
morphism. Cores of harzburgite are still present. 

(d) Completely sheared and polished serpentine on the west.:n edge of 
the belt, adjacent to the steeply dipping Barraba rocks. 


General—Field and especially petrographic evidence give the following 
sequence of events : 
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1. Harzburgite injection into a master fault of gravity-origin opened up 
along the line now occupied by the western margin of the Serpentine 
Belt. Conditions were those of tensional control with periods of hy- 
drostatic character. These equigranular peridotites suffered limited 
serpentinization. 

2. Initiation of a couple to make the eastern block move slowly southward, 
and to promote the incipient development of a lozenge pattern in the 
country rocks. Injection of dunitic phase, structural control now being 
largely due to horizontal shearing stress. The injection of the virga- 
tion marked the final phase of the dunitic intrusive stage, and solutions 
made available at this time attacked the harzburgite and carried out 
additive serpentinization. The first stage of fiber development occurred 
during this period, confined to margins of the harzburgite masses. 

3. Final stage of shearing, producing the main fracture-system in the 
dunitic phase. Injection of gabbros and dolerites into the developing 
fracture pattern. The second stage of fiber development occurred 
shortly after the dolerite emplacement, and was confined ta the dunite 
phase. 

4. Subsequent spatial re-adjustments of the serpentine mass with develop- 
ment of marked deformation (“paste-sheeting’”’), along the main fault 
line, throughout the virgation and along strong shears within the dunitic 
mass itself. 


CONCLUSION, 


In the foregoing it is shown that the intrusive sequence and the related 
stress-environment at Woodsreef, culminating in the development of chrysotile 
asbestos, can be interpreted satisfactorily. 

The association of torsional stressing with chrysotile development has been 
observed by the authors in other fields, and although not suggesting it to be an 
essential pre-requisite for growth of asbestos, it is probable that its incidence 
may have been more widespread than has been generally recognized. 

In those cases, as at Woodsreef, where asbestos development occurs im- 
mediately following emplacement of an important ultrabasic phase in a multi- 
injection complex, it is probable that the thermal reaction of the incoming in- 
trusive phase upon earlier phases may be a not unimportant control in the 
generation of asbestos around the margins of contacts. One more or less 
critical function of the later intrusion is to provide a longer period of appro- 
priate temperature for the serpentinization processes to operate. 

Finally, the authors contend that at Woodsreef one can reasonably deduce 
the following inter-related and coincident conditions leading to fiber-genesis. 

(a) requisite temperature over a period. 

(b) presence of serpentinizing solutions, extraneous to the peridotites. 

(c) appropriate stress-environment, involving torsion, and concomitant 

tension, 
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ABSTRACT. 


The Iron King mine is about 2,000 feet west-northwest of the intersec- 
tion of the 112°15’ west meridian and the 34°30’ north parallel in the Hum- 
boldt region in central Yavapai County, Arizona. The mine is approxi- 


mately in the geographical center of the Humboldt region. 


Precambrian rocks form the bedrock. Late Cenozoic unconsolidated 
river wash and valley fill with some interbedded basalt locally mantle the 
Precambrian rocks, especially in the north-central part of the region. 

The Precambrian rocks consist of two metamorphosed volcanic forma- 
tions and intrusive rocks that range in composition from quartz porphyry 
to gabbro. The volcanic formations originally were flows, volcanic brec- 
cias, and tuffaceous sedimentary rocks. Dynamothermal metamorphism 


1 Publication authorized by the Director, U. S. Geological Survey. 
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of these rocks formed textures, structures, and mineral assemblages char- 
acteristic of low-grade metamorphic rocks, but sufficient relict textures 
and structures remain to permit delineation of formations on the bases of 
their original nature. 

All the Precambrian rocks are foliated, except those in the interior parts 
of the larger intrusive masses. ‘This foliation has two major trends, (1) 
north to N 20° W, and (2) N 20° E. The northeast-trending foliation is 
younger and locally is superimposed on the north- to northwest-trending 
foliation. The Precambrian rocks strike north to northwest and dip 
steeply, chiefly westward. Duplication of stratigraphic units and deter- 
mination of tops suggest two major northeast-trending folds, which prob- 
ably plunge southward. The northeast-trending foliation appears to bear 
an axial-plane relationship to these folds. Some masses of igneous rock 
probably were intruded during development of foliation. 

The Iron King deposit supports the only active mine in the Humboldt 
region. It consists of 12 steeply plunging echelon veins arranged along 
the footwall of a sheared and altered zone in the metamorphosed andesitic 
tuffaceous sedimentary rocks. Narrow zones of more intense shear prob- 
ably localized the veins. 

Solutions first introduced quartz, pyrite, ankerite, and sericite, forming 
a sporadically mineralized zone (in the hanging wall of the. deposit) and 
probably veins in the Iron King fracture system. Intra-mineralization 
shear strongly brecciated these early minerals and formed the structures 
that localized and distributed the ore minerals in the veins. After this 
deformation, sphalerite, galena, chalcopyrite, tennantite, arsenopyrite, py- 
rite, quartz, and ankerite were deposited; the last three minerals may have 
formed through solution and the redeposition of earlier minerals. For- 
mation of sericite either accompanied or followed the deposition of ore- 
forming minerals. Silver is related closely in distribution to copper and 
probably is in the tennantite. Gold occurs chiefly in the pyrite. 

Banding, mimetic after foliation and planes developed by shearing, is 
pronounced in much of the vein material. Mineral zoning, generally simi- 
lar in each vein, is a characteristic of the deposit. 

High-angle reverse faults of about 100 feet in maximum vertical sepa- 
ration offset the veins. These faults are nearly parallel to the veins in 
strike and dip. 

INTRODUCTION, 


Tue Iron King mine is in the northern part of the Humboldt region, about 12 
miles east of Prescott, Arizona. This region forms a bedrock “bridge” that 
links the northeastern slopes of the Bradshaw Mountains with the south- 
western foothills of the Black Hills and bounds the southern end of Lonesome 
Valley (Fig. 1). Altitudes range from 4,300 feet in the southern part of the 
Humboldt region to about 5,500 feet in the northwestern corner. 

In central Arizona, Precambrian metamorphic rocks crop out in the ir- 
regular-shaped area that extends in a northerly direction for about 60 miles 
and in an easterly direction for about 25 miles. The metamorphic rocks are 
largely flanked by Precambrian granitic rocks on the east, west, and south and 
are overlain to the north by Paleozoic sedimentary rocks. The Humboldt re- 
gion is roughly in the center of this metamorphic terrane. Widespread Ceno- 
zoic lavas and gravels cap the Precambrian and Paleozoic rocks, 

Mineral deposits are widespread throughout this Precambrian region. 
Lindgren (13)? listed 166 mining properties in his report on the Bradshaw 


2 Figures in parentheses refer to Bibliography at end of paper. 
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Mountains and Black Hills, roughly the area indicated by Figure 1. Moreover, 
16 mines have each had a metal production valued above $1,000,000 (Fig. 1). 
The distribution of these mines suggests a “mineral belt” extending from 
Jerome southward at least as far as the southern margin of the area covered 
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by Figure 1 and coinciding roughly with the extent of Precambrian metamor- 
phic rocks. 

The purpose of this paper is to describe first the relation of the regional 
metamorphism to the structural controls for mineralization and then the struc- 
tural and depositional sequence in the origin of the Iron King deposit. 
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PREVIOUS WORK, 


The earliest recorded geologic work in the district was done in 1889 and 
1901 by Jaggar and Palache (10), who made a reconnaissance of the Brad- 
shaw quadrangle. They divided the Precambrian rocks into Yavapai schist 
and various coarse-grained plutonic rocks. Yavapai schist was defined to in- 
clude all of the Precambrian phyllite, schist, and local bodies of gneiss in the 
area. They did not describe the Iron King mine in the text of their fol!s but 
indicated its location on the geologic map. 

In 1922, Lindgren (13) examined the ore deposits in the Bradshaw Moun- 
tains and Jerome quadrangles. He described the Precambrian rocks, but his 
report deals primarily with occurrence, history, and production of the ore de- 
posits. The Iron King mine is described briefly. 


GENERAL GEOLOGY. 


Rocks in the Humboldt region are predominately Precambrian metamor- 
phic rocks that are in the “chlorite grade” of Harker (8) or the “greenschist 
facies” of Eskola (1). In this study, relict structures and textures were used 
to determine the original character of the metamorphosed sedimentary and 
volcanic rocks, and original lithologic composition determined the formations 
rather than metamorphic similarity. Following the procedure used by the 
Canadian Geological Survey for their studies in Precambrian terranes, the pre- 
fix “meta” is not used; “slate” is the only metamorphic rock term used in this 
report, 

The rocks are separable into three major units ; volcanic breccias, andesitic 
volcanics, and intrusive rocks. The volcanic breccias consist of three facies : 
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andesitic volcanic breccia, andesitic tuffaceous sedimentary rocks, and rhyo- 
litic tuffaceous sedimentary rock and conglomerate. The andesitic volcanics 
comprise an'upper unit of andesitic tuffaceous sedimentary rock and a lower 
unit of andesitic flows. The intrusive rocks range in composition from 
quartz porphyry to gabbro. 

The Humboldt region was strongly deformed at least once and probably 
twice. The deformation produced tight folds, faults, and foliation and in large 
part caused the rocks to recrystallize into mineral assemblages that are stable 
under conditions of low-grade metamorphism. 

Volcanic Breccias——The volcanic breccias consist of three facies—andesitic 
volcanic breccia, andesitic tuffaceous sedimentary rocks, and rhyolitic tuffa- 
ceous sedimentary rock and conglomerate (Fig. 2). The volcanic breccias 
form two belts, one in the eastern part of the Humboldt region, the other in 
the western. The apparent thickness of the western belt is about 4,000 feet. 
The eastern belt is not exposed completely in the mapped area, but it is prob- 
ably somewhat thicker. 

The andesitic breccia facies consists of interbedded breccia, fine-grained 
tuffaceous sedimentary beds, and granular crystal tuff. Breccia predominates. 
The fragments in the breccia are chiefly porphyritic andesite, but rhyolitic 
fragments predominate in local areas. 

The andesitic tuffaceous sedimentary rocks consist of interbedded fine- to 
coarse-grained clastic rocks. Some of the finer-grained rocks appear to be 
nearly slate, whereas the coarser-grained rocks contain saussuritized plagio- 
clase grains a quarter of an inch in diameter set in a fine-grained granular 
matrix. 

The unit composed of rhyolitic tuffaceous sedimentary rock and conglome- 
rate crops out in the vicinity of the Iron King mine. The conglomeratic part 
consists of attenuated pebbles of jasper, quartz, porphyry, and others of uncer- 
tain origin all in a rhyolitic matrix. The tuffaceous part is a fine- to coarse- 
grained clastic rock composed of quartz, sericite, and albite. A few narrow 
beds of gray slate and a few beds of marble less than 6 inches wide form part 
of the unit. 

Andesitic V olcanics—The andesitic volcanics crop out in the central part 
of the Humboldt region. They comprise two units: an upper unit consisting 
of andesitic tuffaceous sedimentary rock and a lower unit consisting of ande- 
sitic flows with a few intercalated beds of tuffaceous rock. The upper tuffa- 
ceous unit crops out over a width of about 1,000 feet, and the lower andesitic 
flows crop out over a width of about 5,000 feet. Owing to duplication by a 
syncline, the andesitic flow unit crops out in two belts that are separated by the 
upper tuffaceous unit. 

Relict pillow structures are recognizable in several places in the eastern 
belt of flows, particularly in waterworn outcrops. Amygdules, which are at- 
tenuated in foliated facies, are common. Outlines of former plagioclase 
phenocrysts, now consisting of aggregates of albite and epidote minerals, are 
common ; and in a few places the flows have a relict felty (pilotaxitic) ground- 
mass texture. The andesitic flows are more uniform in structure, mineralogy, 
and appearance than the tuffaceous sedimentary rocks. 
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Fic. 2. Geologic map of the Humboldt region, Arizona. 
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The tuffaceous sedimentary rocks consist of fine- to medium-grained well- 
foliated clastic rocks that are generally andesitic in composition. In some 
beds, however, appreciable amounts of sericite and quartz indicate some ad- 
mixing of rhyolitic detritus in the original tuffaceous sediments. 

Intrusive Igneous Rocks.—Intrusive igneous rocks are grouped under one 
symbol in Figure 2. Those in the eastern belt of the andesitic volcanics are 
chiefly gabbro and diabase; the mass just east of the 112° 15’ meridian is 
quartz porphyry; and those along the northwestern margin of the Humboldt 
region are diorite and granodiorite. 

The gabbro is a foliated,. medium- to coarse-grained rock that contains 
actinolitic hornblende, epidote, clinozoisite, and albite as major constituents. 
The quartz porphyry is well foliated. It consists of about 30 percent relict 
quartz phenocrysts in a sericitic matrix containing granoblastic albite. The 
quartz phenocrysts are fractured and strained; some appear to have been 
sheared out and recrystallized into lenticular aggregates of granoblastic quartz. 

Diorite along the northwestern contact of the breccia facies of the volcanic 
breccias is in small bodies and is relatively massive, whereas granodiorite loc- 
ally has a pronounced foliation and in places is schistose. The diorite consists 
of granoblastic quartz, epidote, clinozoisite, and plagioclase ; platy chlorite ; and 
fibrous actinolitic hornblende. Megascopic constituents of the granodiorite 
are granulated quartz and feldspar, flakes of sericite, and uncommonly a little 
chlorite. 

Tertiary Basalt-—A patch of basalt about 8,000 by 4,000 feet in maximum 
dimensions occupies the central part of the Humboldt region. This patch and 
others in the Bradshaw Mountains and Black Hills, some of which are much 
larger, are remnants of basaltic “blanket” that was widespread over this part 
of Arizona. The basalt in the Humboldt region is intercalated between gra- 
vels. Vertebrate remains from gravels associated with similar basalt near 
Prescott, Arizona, indicate the basalt is late Tertiary in age. 

The basalt consists of flows and flow breccia, as well as basaltic sands and 
gravels that probably filled irregular depressions during lulls in volcanism. 
The basalt is a dense, black to dark-gray vesicular rock. It is porphyritic and 
is composed of phenocrysts of olivine and augite in a hypohyaline groundmass 
containing microscopic plagioclase laths. 

Alluvium.—The alluvium forms the northern margin and small erosional 
remnants in the southwestern part of the Humboldt region. It consists of 
gravel, sand, and silt derived from the Tertiary basalt and from the Precam- 
brian and Paleozoic rocks. It is interbedded with the Tertiary basalt and 
constitutes the fill in Lonesome Valley. 

Structure —Rocks in the Humboldt region have undergone deformation 
and recrystallization that (1) produced folds, faults, and foliation, and (2) 
transformed the rocks into mineral assemblages stable under conditions of low- 
grade metamorphism. Probably two periods of deformation took place, re- 
sulting in complex structures. 

An early period of deformation resulted in foliation that trends from north 
to N 20° W in the breccia facies of the volcanic breccias. There are no north- 
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trending folds in the Humboldt region, but north-trending folds a few miles 
to the northwest presumably resulted from this period of deformation. 

The second period of deformation resulted in folds, faults, and foliation 
that trends N 20°-45° E in the tuffaceous facies of the volcanic breccias and 
the andesitic volcanics. The foliation resulting from the second period of de- 
formation cuts the earlier foliation in the breccia facies of the volcanic breccias. 
In the areas where only the younger, northeasterly structures are present, it is 
believed that either the older structures were rotated to conform with the 
younger structural trend or that the older structures originally had northeast 
trends in local areas. The shearing, which is believed to be the control for the 
Iron King deposit, probably occurred late in the second period of deformation. 

The rocks in the Humboldt region have a lineation that developed at the 
same time and from the same deformation as the folds and foliation. The 
lineation results from attenuation of pebbles, volcanic fragments, and grains 
of altered plagioclase in the coarser-grained and fragmental rocks and from 
mineral streaking in the finer-grained rocks. The plunge of the lineation is 
from 60° to 80° N, which is in approximate conformity with the mineral 
streaking in the walls of the veins that form the Iron King deposit and with 
the northward plunge of these veins. 

All the Precambrian rocks in the Humboldt region strike north to northeast 
and dip steeply, chiefly westward. The regional extent of steep dips is indica- 
tive of folding. Duplication of the andesite volcanics and the tuffaceous 
facies of the volcanic breccias indicates a northeast-trending fold in the central 
part of the Humboldt region that was determined to be a syncline on the basis 
of orientation of the tops of the beds. West of the syncline, the orientation of 
the tops of the beds along the northwestern margin of the Humboldt region 
and in the vicinity of the Silver Belt-McCabe vein suggests an anticline. The 
Iron King deposit is in the limb between these two folds (Fig. 2). 

Deformation produced foliation and nearly isoclinal folds contemporane- 
ously. This coincidence resulted in parallelism of axial planes of folds and 
foliation, parallelism of bedding and foliation on limbs of folds, and discordance 
between foliation and bedding in troughs and crests of folds. The Iron King 
area (Fig. 3) is on the limb of a fold, and bedding and foliation are essentially 
parallel. 

The relation of igneous intrusion to deformation is not everywhere clear, 
partly because the relative ages of some of the intrusive masses could not be 
determined. In part, intrusion may have occurred during development of the 
northeast-trending foliation, as some intrusive masses whose long axes trend 
northeast have a northeast-trending foliation. Mafic rocks of similar com- 
position in different areas have different structural trends. 

Faults undoubtedly are far more abundant than shown on Figure 2, They 
are difficult to recognize partly because marker beds are lacking in the ande- 
sitic volcanics and the volcanic breccias and partly because in places they can- 
not be distinguished from foliation. Considerable displacement along a rela- 
tively narrow zone in the foliated rocks might not be recognized, as all units 
and structural elements were so deeply and so intensely deformed that they 
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tend to be parallel. A probable fault of Precambrian age, now marked by a 
dike, forms the western contact of the breccia facies of the volcanic breccias. 
Changes in lithology and a discordance of structure across the dike are evi- 
dence for the fault. 

IRON KING ORE DEPOSIT. 

History and Production, 


According to Lindgren (13, p. 128) the first production from the Iron 
King mine was in 1906 and 1907 from oxide ores. In 1907, it amounted to 
1,253 ounces of gold, 35,491 ounces of silver, and 3,933 pounds of copper. 
Mining soon ceased, but it was renewed during World War I by George 
Colvocoresses, who mined sulfide ore for his Humboldt smelter. By 1922 
several thousand tons of ore, averaging $8 per ton in gold and silver, had been 
mined. 

The mine remained inactive from 1922 until 1936, when it was purchased 
at a tax sale by Fred Gibbs, of Prescott, Ariz. In 1937, the Iron King Mining 
Co. purchased the mine and began development work on the lead-zinc veins. 
In 1938 a bulk flotation mill of a 140-ton daily capacity was put into operation 
and the following year was converted to differential flotation and increased to 
a 225-ton daily capacity. Subsequently (1948) the capacity of the mill was 
increased to about 500 tons daily. The Shattuck Denn Mining Corp. pur- 
chased the physical assets of the Iron King Mining Co. in 1942 and has oper- 
ated the mine since that time. 

Mills (15, 16) has described the history, ore occurrence, and mining ; and 
Hendricks (9) has reported on the milling. 

From 1906 through 1947 the Iron King mine produced about 18,500 tons 
of lead, 57,500 tons of zinc, 2,000 tons of copper, 3,765,500 ounces of silver, 
and 119,500 ounces of gold from approximately 926,800 tons of ore. The 
average grade of all ore mined on the 400 and lower levels through 1947 was 
$7 per ton in gold and silver, 2.17 percent lead, and 6.80 percent zinc. In 
general, dollar value of gold was about twice that of silver. 


General Features. 

The Iron King massive sulfide deposit is in the westernmost outcrop of the 
andesitic tuffaceous facies of the volcanic breccias. It is a system of 12 west- 
dipping en chelon veins localized along a shear zone. The tuffaceous rock on 
the east (footwall) side of the ore zone is relatively massive and medium- to 
coarse-grained. The original nature of the rocks on the west or hanging-wall 
side was not determined, because of pronounced foliation and strong hydro- 
thermal alteration. Because of the strong deformation and alteration, the 
writer is uncertain whether the individual veins are parallel to the bedding; 
however, if they are not, the discordance cannot be more than a few degrees. 
Whether the shearing, which is believed to be the fundamental control of the 
ore deposit, was localized by difference in texture and structure of the tuffa- 
ceous beds is not known. 

The veins are cut by several reverse strike faults whose maximum vertical 
separation is generally less than 100 feet. 
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Relationship of Iron King Deposit to Regional Structures. 


The veins in the Iron King deposit are essentially parallel to the north- 
east-trending structures, but they occupy a zone in which foliation is much 
disturbed ; and, in detail, veins and foliation are discordant. The very fine 
grained cataclastic-granoblastic texture of the rocks in the alteration zone 
testifies to the strong shearing that preceded and accompanied mineralization. 
This strong shearing possibly was related to the same forces that produced the 
regional metamorphism even though the shearing took place after the rocks 
were foliated. Lineation is the common tie. Lineation (mineral streaking) 
in the walls of the veins and the lineation marked by the plunge of the northern 
end of the veins are parallel to the lineation (mineral streaking) in the region- 
ally metamorphosed rocks adjacent to the deposit. Hence, it is probable that 
the deformation that produced the regional metamorphism also caused the 
shearing that localized the Iron King deposit. 


Hydrothermal Alteration. 


Designation of the early phase of mineralization as hydrothermal alteration 
is arbitrary but useful in distinguishing between early widespread introduction 
of gangue minerals and ore-forming minerals concentrated in the veins. De- 
formation, manifested by shearing, provides the basis for separation, although 
no break in mineralization is implied. 

Mineralogy.—The minerals introduced during hydrothermal alteration are 
quartz, pyrite, ankerite, sericite, and probably apatite. A second generation of 
sericite, which is later than the ore minerals, is included in this section for con- 
venience of description. Quartz occurs in disseminated granoblastic grains 
as a general silicification and in veinlets associated with pyrite and ankerite. 
As a result of the strong shearing that followed the introduction of the hydro- 
thermal minerals, it is impossible to distinguish introduced quartz, unless it is 
in veinlets, from quartz originally present in the metamorphic rocks, even 
though quartz is perhaps several times as abundant in the altered rocks. The 
texture of the quartz in veinlets is largely granoblastic, but a few patches of 
relict bladed quartz remain. 

Pyrite occurs as individual crystals disseminated in the altered rocks and as 
veinlets associated with other alteration minerals. A series of individual 
crystals of pyrite along a given folium is common in rocks exposed in under- 
ground openings of the mine. In outcrops brown-stained casts mark the 
former distribution of pyrite. Ankerite is abundant. It occurs as dissemi- 
nated grains and as veinlets, commonly associated with pyrite and quartz. 
Ankerite appears to accompany both early and late stages of mineralization 
and to vein the last-stage sulfide minerals. 

Apatite is more abundant in the alteration zone than in the adjacent ande- 
sitic tuffaceous rocks and is therefore believed to be of hydrothermal origin. 
Apatite occurs as disseminated grains, both as crystals and as needles enclosed 
in quartz. Two thin sections from the zone of hydrothermal alteration con- 
tained from 5 to 10 percent apatite by estimate. 
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There are two generations of sericite. The early sericite is disseminated 
in the alteration zones, and the late sericite is concentrated locally adjacent to 
the northern parts of the veins. The early sericite is in flakes and “ribbons” 
concordant with foliation. The “ribbons” anastomose through the rocks, in 
places dividing and rejoining. The sericite grew with its basal plane parallel 
to the shear planes that controlled its distribution. 

Within the veins late sericite in microscopic veinlets cuts quartz, pyrite, 
ankerite, and sphalerite; and individual flakes lie in the cleavage planes in 
ankerite and in pressure shadows of pyrite, transverse to planar structures in 
the vein material. Filmlike veinlets of sericite cut the quartz at the northern 
ends of the veins and commonly they separate this quartz from the remainder 
of the vein. Residual screens ot wall rock in veins are commonly rich in 
sericite. Adjacent to the veins sericite of this generation is restricted to nar- 
row selvedges that generally widen around the northern ends of the veins to 
masses from 10 to 20 feet across. 

In the wall rocks, spatial distribution is the only basis for distinguishing 
between early- and late-stage sericite. The sericite in the veins is clearly 
younger than the ore minerals, and the local concentrations of sericite adjacent 
to the veins are assumed to be of the same age. The sericite disseminated 
throughout the alteration zone has the same distribution as the pyrite, ankerite, 
and quartz with which it is assumed to be contemporaneous. No reliable 
textural criteria were found for dating between early and late sericite in wall 
rocks, for here sericite lies with its basal section parallel to the foliation 
whether it formed before or after the intram‘neral-deformation that is the basis 
for distinction between the hydrothermal stage of mineralization and the ore- 
forming stage. 

Thin sections from outcrops of the hydrothermal alteration zone contain a 
small amount of a probable clay mineral that has a negative 2E of about 35° 
and a birefringence near 0.010. The indices of refraction could not be deter- 
mined from thin sections, and not enough of the material was found to deter- 
mine its optical properties by oil immersion. The clay (?) mineral occurs as 
irregular-shaped microscopic masses composed of fibers or narrow plates com- 
monly oriented at right angles to the long dimension of the masses and to the 
foliation in the rock. Growth of fibers or plates perpendicular to foliation 
indicates that the clay (?) mineral formed after the last period of deformation. 
The clay (?) mineral was not recognized in rocks exposed underground and 
accordingly is believed to be a product of weathering. As the mineral prob- 
ably formed in an acid environment produced by oxidization of pyrite, a clay 
mineral of the kaolinite group would be most likely. Bateman (2) has de- 
scribed kaolinization due to oxidation of sulfides in a sericitic alteration zone 
near the massive pyrite deposits of Rio Tinto, Spain. 

The assemblage quartz-pyrite-carbonate-sericite, or a part of it, is so com- 
mon in altered zones of ore deposits that it warrants little comment. 
Schwartz (19) in a paper summarizing hydrothermal alteration of porphyry 
copper deposits gives quartz-sericite-pyrite as a distinct alteration type in cop- 
per deposits at Inspiration-Miami, Ray, Sacramento Hill (Bisbee), and Castle 
Dome (in part), all in Arizona, and at Bingham (in part), in Utah, 
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Intensity Zones—The hydrothermally altered rocks were divided into 
three intensity zones, whose contacts are more or less arbitrary (Fig. 3). The 
alteration in zone 1, which is adjacent to the veins, is most intense, and the 
rock contains a greater concentration of quartz, pyrite, and ankerite. Along 
the strike southward, zone 1 grades into zone 2, in which these minerals are 
less abundant but are still common. Zone 2 grades into zone 3 southward 
beyond the limits of the area shown in Figure 3. In addition, zone 3 embraces 
separate belts of altered rocks lying east and west of zones 1 and 2. In zone 3, 
sericite appears to be the dominant platy mineral; pyrite is very rare, and 
secondary quartz and ankerite are not megascopically abundant except in local 
patches. 

Zone 1, or the hanging-wall alteration zone, is on the west or hanging-wall 
side of the Iron King deposit. It is the largest zone, ranging on the surface 
from 100 to 250 feet in width and cropping out for a distance of about 2,500 
feet. Zone 1, which was more completely exposed by underground openings, 
was studied in most detail. 

In zones 1 and 2, layers in which pyrite, quartz, and ankerite are more 
abundant alternate with layers in which these minerals are distributed sparsely 
and in which the original type of rock (andesitic tuff) is apparent through 
partly altered relict textures and structures. These alternating layers persist 
to the walls of the veins, where commonly both grade into sericitic schist. 
Chlorite is abundant in the layers that contain sparse hydrothermal minerals. 
In a few thin sections, crosscutting microscopic veinlets of chlorite attest to the 
mobility of chlorite during the period of alteration. 

It appears that distinct veins formed along the east or footwall side of the 
sheared zone while the sheared zone itself (zones 1 and 2) received sporadic 
mineralization along foliation planes and fractures. Quartz, pyrite, and 
ankerite compose the veins for a short distance south of the ore shoots. Far- 
ther south schistose partings become mgre numerous. About 400 to 500 feet 
south of the well-defined veins the position of the veins can be recognized by 
layers in which there is a greater concentration of veinlets of quartz, pyrite, 
and ankerite alternating with wall rock. Still farther south these layers pass 
imperceptibly into altered rocks of zone 1. 

Zone 3 is characterized by sericite. The eastern unit of zone 3 appears 
to be at a slight angle to the bedding, if the nearby rhyolitic tuffaceous bed is 
used as reference. Rocks of zone 3 have a more pronounced foliation than ad- 
jacent andesitic tuffaceous rocks, probably because more intense shear local- 
ized the alteration and because of shearing subsequent to the alteration. The 
typical sericitic altered rocks grade into partly altered andesitic tuffaceous 
rocks through rocks in which both sericite and chlorite are abundant. Folia- 
tion in the andesitic rocks is less pronounced. 

A vexing problem is whether any of the original rocks in the alteration 
zones were rhyolitic. Most of the partly altered andesitic rocks betray their 
original andesitic composition. Here and there, especially in rocks of zone 3, 
some outcrops and possibly some beds appear rhyolitic. Whether the rhyo- 
litic composition is original or secondary is uncertain, but there is the possi- 
bility of some intercalated rhyolitic beds in the original rock. 
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Outcrops of the alteration zones are generally white or cream colored, and 
in zones | and 2 they are stained by iron oxide derived from pyrite. At first 
the writer attributed the white color to abundant sericite; but rocks below 
the water table are generally green, and thin sections from surface rocks con- 
tain abundant pale green chlorite as well as sericite. Hence the light color 
probably is due in part to the bleaching action of sulfuric acid which was 
formed by the oxidation of pyrite. A similar process was described by Lasky 
(12) for rocks bordering many of the veins in the Bayard area, New Mexico. 
In outcrops of alteration zones 1 and 2, casts after pyrite are common, and 
sulfuric acid has dissolved most of the carbonate. 


Sulfide Veins. 


Massive sulfide veins in the Iron King deposit crop out in an area that is 
about 2,500 feet by 100 feet (Fig. 3). “Subsurface openings on productive 
veins extended, in 1948, to a depth of about 1,140 feet below the collar of No. 6 
shaft, but the surface gives the most complete exposure of all veins in any hori- 
zontal section. The productive veins comprise the group along the footwall 
(east side) of the alteration zone. They are essentially strike veins. 

West of the ore veins in alteration zones 1 and 2 are numerous poorly de- 
fined veins that lie parallel to the foliation and consist of pyrite, ankerite, and 
quartz. One of these, the Copper vein, contains chalcopyrite in addition to 
the other minerals. These veins are termed “non-productive veins” to dis- 
tinguish them from the ore veins. In general, little is known about these veins 
below the surface: Most are shorter than the ore veins, and they are probably 
just as discontinuous with depth. The Copper vein is the widest and most 
continuous, but its continuity between the north and south segments is uncer- 
tain (Fig. 3). 

Structural Control of the Iron King Deposit—Fracturing and shearing 
controlled spatial relationships, widths, lengths, and to some extent internal 
structures of the veins and the size and shape of the alteration zones. There 
appears to be a slight angular discordance between the strike of the veins and 
the strike of the alteration zones, as shown by the northern ends of the veins 
terminating in footwall rocks (east of the deposit) and the southern ends grad- 
ing into alteration zone 1. Whether this discordance indicates a difference in 
age between the shearing that controlled the alteration zones and the shearing 
that controlled the veins is uncertain. However, early gangue minerals in the 
veins, although more concentrated, are the same as those sporadically distrib- 
uted throughout the hanging-wall alteration zones, indicating that at the time 
of earliest mineralization both structures were present. This, of course, does 
not preclude the possibility of two periods of shearing prior to mineralization. 
The significance of the slight angular discordance between the strike of the 
veins and the strike of the alteration zones is difficult to interpret, especially as 
the rock affected was strongly anisotropic, owing to foliation and possibly to 
beds of different competency. Close spacing of the echelon fractures that con- 
trol the veins and the relatively wide spacing of similar points of the veins on 
the various levels, such as the northern ends of the veins, suggest that fractures 
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or faults resulted from a shear couple. Lineation (mineral streaking) in the 
wall rocks and the northern ends of the veins plunges steeply north. Judging 
from the interpretation of the regional geology; this lineation marks the ‘“a”’ 
structural coordinate, suggesting that the relative movement plunged steeply 
north. 

Strong fracturing and brecciation of early introduced minerals clearly in- 
dicate a second period of movement that controlled the localization of ore- 
forming minerals in the Iron King mine. The distribution of ore minerals 
suggests later movement along the fracture zones that extended from the foot- 
wall to the hanging wall of the barren quartz-pyrite-ankerite veins. 

The ore deposit at the Eustis mine, Quebec, has a somewhat similar echelon 
arrangement of massive sulfide lenses. Stevenson (21) attributes the local- 
izing structure to action of two opposite and tangential forces. In the Flin 
Flon mine, according to Koffman and others (11), massive sulfide ore in 
sheared limbs of drag folds has an echelon pattern and consistent plunge. 
Here, shearing occurred along the contact of competent lava flows and more 
easily sheared “pyroclast” and flow breccia. Drag folds were not recognized 
at the Iron King mine, but variation in competency of adjacent tuffaceous beds 
may have localized shearing. 

Massive sulfide bodies localized by fractured and brecciated zones in the 
Huelva deposit, Rio Tinto district, Spain, have been described by Finlayson 
(4) and in a massive sulfide deposit in the Ellamar district, Alaska, by Capps 
and Johnson (3). Hanson (7) studied a number of pyritic massive sulfide 
deposits in Canada to determine the relationship of form and structure of the 
ore bodies to the enclosing rock. After considering the Mandy mine, Mani- 
toba ; the Northpines mine, Ontario; the Flin Flon mine, Manitoba-Saskatche- 
wan; and the Eustis mine, Quebec, he concluded that the sulfide resulted from 
replacement in “zones of more intense shearing and brecciation.”” The Sulli- 
van deposit, Canada, appears to be an, exception, for, according to Swanson 
and Gunning (22), a stratigraphic zone controls the deposit. However, 
tourmaline and cassiterite in the deposit suggest a greater depth of origin than 
for many massive sulfide deposits. 

In the Malanas district, Vasterbotten, Sweden, Gavelin (5) was able to 
relate shape of ore deposits to the dominant characteristics of the regional de- 
formation. Some ore deposits formed veins or disseminations parallel to the 
foliation in strongly disturbed zones marked by pronounced foliation (S-tecto- 
nites). This occurrence is similar to the Iron King deposit. In metamorphic 
terrane dominated by folds (B-tectonites), Gavelin indicated a close relation- 
ship between fold axes and linear structure and ore deposition. This occur- 
rence is perhaps exemplified by the sulfide pipe in the United Verde mine, 
Jerome, Arizona. 

Distribution and Character of the Veins —The ore deposit consists of 12 
veins arranged en echelon (Fig. 4). Individual veins strike about N 22° E 
and dip 71° NW. In plan view each vein extends farther to the north than 
the adjacent vein on the east. In section, the veins maintain a similar echelon 
arrangement; in any particular vertical section each vein to the west extends 
to a higher altitude than its eastern neighbor (Fig. 5). All veins plunge 
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Fic. 4. Plan of veins at 900 level, Iron King mine. 


northward. The plunge for individual veins is commonly constant, and the 
angle of plunge for different veins ranges between 55° and 60°. The width 
is commonly constant for individuual veins over short distances but ranges 
between 1 and 14 feet for different veins; the lengths are measurable in 
hundreds of feet. From southeast to northwest the veins are designated as 
follows: X, Y, P, A, B, C, D, E, F, G, H, and I, These veins are shown on 
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Figure 4, with the exception of the P vein, which does not. ¢xtend to the 900 
level, and the B and H veins, which are omitted for lack of space. 

The I vein, although designated as a single vein, actually consists of four 
closely spaced individual echelon veins, of which the fourth is not exposed 
completely by underground openings (Fig. 4). It is longer than any of the 
other veins because of its composite character. Individual echelons of I vein 
have all the characteristics of the other veins, such as quartz “noses,” consist- 
ency of plunge, and characteristic mineral distribution. 

Some of the veins vary from the ideal echelon pattern. On the 900 and 
700 levels, the X vein consists of two separated segments, but on the 800 level 
only one vein exists. The veins must join and split between the 700 and 900 
levels. The B and C veins, lying between A and D, are subsidiary veins as 
they do not maintain the echelon pattern (B vein is omitted from Figure 4 
because of lack of space). The A vein extends as far to the north as the C 
vein and considerably farther than B. . The B and C veins probably should be 
considered as veins parallel to A. 

The P vein is anomalous, for it plunges less steeply than the others and is 
exposed completely within the zone mined. The plunge of the P vein, which 
is 25° N, is at least 25° flatter than that of any other vein. The P vein apexes 
above the 400 level and bottoms a short distance below the 700 level (Fig. 6). 
On the 400 level it is almost a part of the Y vein; however, with depth it di- 
verges to the north. On the 700 level, the P vein is 250 feet north of the north 
end of the Y vein, and next to and about as far north as the A vein, 

The continuity of the veins (except for P vein) and the schist septa and 
their general widths are consistent from the surface to the 1,100 level; and 
with rare exceptions, such as the local junction of the northern ends of the E 
and F veins, adjacent veins do not join. The septum between the E and F 
veins is commonly not more than 2 feet wide, and that separating the H vein 
from the G and I veins is most commonly 5 feet or less. In places, as on the 
1,100 level, postmineral faulting moved the veins together, but these effects 
are not considered here. Variations in widths of the C, H, F, and G veins 
are known. Between the 200 and 600 levels the C vein ranges in width from 
5 to 10 feet, but on lower levels it is narrow and unproductive. The H vein 
ranges from 10 to 15 feet in width on the 300 and 400 levels and is 10 feet 
wide on the 500 level, but it narrows to about 2 feet between the 500 and 700 
levels. The G vein increases in width below the 600 level, and the increase 
is roughly commensurate with the decrease in width of the H vein. Accord- 
ing to Mills (15, p. 57), the F vein changes into a wide low-grade, extremely 
siliceous body between the 400 and 500 levels, but it narrows to its former 
width before reaching the 600 level. 

Thin schist partings or “screens” within the veins are common. The 
most common type enters the vein from the hanging wall, generally south of 
the ore shoots, and terminates after continuing northward for distances up to 
several hundred feet. In places the last few feet are thin chloritic or sericitic 
films only a few millimeters thick. Thick schist partings that cross the I vein 
divide it into several parts. In a few places narrow partings that enter the 
veins from the footwall return to the footwall tuffs after penetrating well into 
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the veins. Some veins contain numerous narrow “screens,” ranging in length 
from a few inches to as much as 100 feet, that in pian view are entirely enclosed 
by sulfide. In three dimensions many of these “screens,” especially the larger 
ones, undoubtedly connect to wall rocks. 

One of the most striking features of the veins is the abrupt change from 
massive sulfide to wall rock. In some places a knife blade would cover the 
contact, whereas in others a narrow septum of gouge separates vein from rock. 
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Fic. 6. Generalized longitudinal projection of the P vein. 


In plan view, individual veins have a gentle arcuate shape, which is convex 
eastward. This feature is not limited to the Iron King deposit; both the Kit 
Carson and the Silver Belt-McCabe veins curve in a similar manner. The 
average surface strike of the Iron King deposit at the southern end is about 
N 25°-30° E, whereas on the northern end of 700 level it is about N 20° E. 
Individual veins show this same genera! curvature wherever sufficient strike 
length is exposed (Fig. 3). The curvature is thought to be original, as it is 
a feature of individual veins. Furthermore, strike of bedding at the north and 
the south ends of the Silver Belt-McCabe vein does not deviate appreciably, 
but the strike of the vein changes from N 65° E to N 27° E. Common curva- 
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ture of the veins suggests a common origin or relationship-to a common 
factor ; and if the curvature is primary, the structures that controlled the Silver 
Belt-McCabe, Kit Carson, and Iron King veins probably are essentially the 
same age. 

Vein Material.—Massive sulfide deposits, in general, have a similar min- 
eralogy. Variations in relative abundance of different minerals is well known 
from one deposit to another, and variations in minor amounts of rare minerals 
do not obscure general similarities. Massive sulfide deposits normally con- 
tain pyrite, sphalerite, and chalcopyrite. Galena is important in some deposits 
and occurs only in traces in others. Table 1 compares the mineral assemblage 
of the Iron King deposit with six other massive sulfide deposits. 

Vein material in the Iron King deposit consists generally of fine-grained 
massive sulfides and massive quartz, both in sharp contact with the wall rocks. 
Massive quartz is gray, white, and greenish gray. Massive sulfides vary in 
color from pale yellow to nearly black, depending on the ratio of pyrite to 
sphalerite and carbonate. Fine banding produced by differences in relative 
amounts of pyrite, sphalerite, or gangue is almost universally present in the 
massive sulfide ore; banding is less marked in nonproductive parts of veins. 

The sulfide vein minerals are pyrite, arsenopyrite, sphalerite, chalcopyrite, 
galena, and tennantite, and the nonsulfide minerals are ankerite, quartz, seri- 
cite, and a little residual chlorite. Gold and silver constitute the rare metals. 
Gold is free and, according to Mills (16, p. 4), is carried largely in pyrite; 
silver is believed to be in tennantite. Pyrite is the dominant sulfide mineral 
and in places constitutes by estimate as much as 75 percent of the vein. Quartz 
and ankerite are the dominant nonsulfide minerals, and locally either may be 
the more abundant. The northern ends of the veins are almost exclusively 
quartz, whereas in the central section ankerite is commonly more abundant. 

The vein material is very fine grained. The upper limit of grain size is 
about 1.5 mm, and the lower limit is less than 10 mu. Most grains are esti- 
mated to range in diameter between 100 and 300 mu. Arsenopyrite occurs 
in grains that attain a diameter of 1.5 mm, and intergrowths of galena and 
tennantite occur in grains 1 mm in long dimension. Some pyrite crystals, 
especially in southern sections of the veins, attain diameters of about 300 to 
400 mu. Masses of pyrite are aggregates of xenomorphic pyrite crystals, as 
shown by etching with nitric acid. Sphalerite, galena, chalcopyrite, and some 
tennantite commonly occur as smaller grains interstitial to pyrite and arseno- 
pyrite. 

Crystal habits range from idiomorphic to xenomorphic granular. Pyrite 
commonly has idiomorphic outlines agairist every other mineral. Arsenopyrite 
exhibits crystal outline against galena, ankerite, and sphalerite, but not against 
pyrite or other arsenopyrite. Crystals of sphalerite, galena, and tennantite 
were not observed, but in places they replace ankerite, retaining the rhombo- 
hedral cleavage angle in the outline of the grain. 

Banding is common in most massive sulfide deposits. It has been attrib- 
uted to pseudomorphism of various older structures, such as bedding, frac- 
ture, and foliation. | Massive sulfide deposits are characteristically fine 
grained, thereby favoring preservation of small features by pseudomorphism. 
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The writer believes that banding in the massive sulfide from the Iron King 
deposit resulted (1) from deposition of ore-forming minerals, chiefly sphaler- 
ite, in fractures or microscopic shear planes in early vein filling and (2) from 
variation in relative rates of deposition of vein minerals. The vein material 
is generally banded, and bands range from 1 mm to 10 cm in width (Figs. 7, 
8,and 9). Banding is generally parallel to vein walls, but in detail it is com- 
monly irregular. The irregularities consist of (1) continuous wavy bands, 
(2) discontinuous, nonparallel banding, and (3) irregular fracture networks. 
Regular banding also occurs, and all variations between regular and irregular 
exist, but generally not in the same vein. In the ore, banding is due chiefly 
to deposition of sphalerite in fractures, but in other places it results from bands 
relatively rich in pyrite alternating with bands rich in quartz, ankerite, or both. 
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Fic. 7. Banded massive sulfide ore. Dark bands are chiefly sphalerite, light 
bands pyrite. Lenses are quartz-ankerite. Note angular discordance between 
banding in fine-grained and medium-grained massive sulfide (pyritic). 


The writer observed alternating bands in some narrow veins that conformed 
in attitude to foliation in the wall rocks, and the banding was as regular and 
perfectly developed as the foliation. Where only one stage of mineralization 
occurred, banding in the veins may reflect variations in relative rates of de- 
position of different minerals in the planes of foliation. 

The northern ends of all the larger veins consist almost entirely of greenish 
to gray quartz that appears almost chalcedonic. The quartz contains dissemi- 
nated idiomorphic pyrite crystals and is cut by ramifying sulfide veinlets and 
by massive white quartz (Fig. 10). In places massive quartz is rich in gold 
and silver, as in the G vein, 800 level ; the F vein, 800 and 900 levels ; and the 
D vein, 600 level (Figs. 11 and 12). Other bodies, as indicated in Figure 
13, contain average or less than average amounts of gold and silver. The 
writer observed no difference between some barren quartz and ore-quartz ; 
however, greenish quartz is valueless. 
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Underground openings and diamond-drill records are informative concern- 
ing the size and shape of the northern ends of the veins. Northern termina- 
tions vary considerably in pattern. On the 800 and 900 levels, the E and F 
veins are perhaps twice their normal widths (Fig. 4). The D vein on the 
900 and 800 levels and the G vein on the 700 level are also much wider than 
normal. Here and there along the footwall of the veins lenticular bodies of 
quartz occur. Some of these are connected to quartz bodies at the north ends 
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Fic. 8. Fic. 9. 


Fic. 8. Fine-grained well-banded massive sulfide ore. Dark bands are chiefly 
sphalerite, light bands pyrite. 
Fic. 9. Low-grade banded massive sulfide. Coarse texture is sulfide not in- 


tensely sheared, in contrast to sulfide ore in.Figures 7 and 8. Light bands and 
areas are chiefly pyrite. Dark bands are chiefly quartz-ankerite and some sphalerite. 


of the veins, but others apparently are independent bodies. A quartz mass 
occurring within the I vein is connected to the quartz “nose” on the 900 level 
but is apparently independent on the 800 level. Level maps show other 
quartz masses of this type, and the veins contain several others that are too 
small to be indicated at the scale used for illustrations. Transition from 
quartz to massive sulfide is sharp and regular. Figures 4 and 5 illustrate the 
pattern of the transition, and in every vein the pattern is similar. The quartz- 
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sulfide contact strikes more northerly than the vein, cuts the vein at an acute 
angle, and transgresses from footwall to hanging wall. The angle between 
the contact and the wall of the vein is variable, ranging from a few degrees to 
30°. Commonly a thin parting of sericite lies along the contact. 

South of the north-end quartz, the chief variation in content of minerals is 
an inverse relationship between amounts of pyrite and of sphalerite because, 
in part, sphalerite replaces pyrite. Where sphalerite is abundant, pyrite is 
proportionately sparse. Assay data illustrate these changes for the D and G 
veins, 600 to 1,100 levels, and for the F vein, 500 to 1,100 levels (Figs. 11, 
12, and 13). Variations shown in the graphs are due chiefly to sphalerite 
content, which increases rather sharply from massive quartz southward to the 
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Fic. 10. Sketch of cross section of X vein, 700 level, showing white quartz veins 
and ramifying pyrite veinlets in gray quartz vein filling. 


maximum amount and then decreases gradually. The information lost by 
combining lead and zine in the diagrams is small, as galena usually is dis- 
tributed uniformly throughout the minable limits of a vein. In the D and F 
veins, lead averages between 1.50 and 1.75 percent and the G vein about 2.50 
percent. The ratio of lead to zinc, therefore, is higher for sections of the vein 
where the zinc content is less than average. 

In general, the dollar value of gold is consistent enough at twice that of 
silver to combine them for simplicity of illustration. In every vein the gold- 
plus-silver maximum occurs north of the lead-plus-zinc maximum, but not so 
far north that no overlap exists. The dollar value of the gold plus silver is 
high at the lead-plus-zinc maximum, but it is waning. This is a consistent 
feature of the deposit. 
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The assay graphs (Figs. 11, 12, and 13) show plainly that any isograde 
generally parallels the northern plunge of the veins and that the southern 
limit of mining is an “assay wall.” 

In ore shoots, ramifying veinlets of various mixtures of sphalerite, galena, 
tennantite, chalcopyrite, and arsenopyrite have pyrite-ankerite-quartz as the 
host; and where the ore minerals are not abundant, pyrite-ankerite-quartz 
constitute the vein. This is the commonest and most significant association 
observed. Pyrite-ankerite-quartz constituted the early vein material; the in- 
troduction of sphalerite, arsenopyrite, galena, tennantite, and chalcopyrite in 
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Fic. 11. Diagram showing distribution and grade of base and 
precious metals, G vein. 
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Fic. 12. Diagram showing distribution and grade of the base and 
precious metals, F vein. 


one general period of mineralization followed brecciation and shearing of the 
early vein minerals. Pyrite, quartz, and ankerite probably accompanied this 
later stage, as they also crosscut the early vein material. 

The writer did not establish significant age relations of minerals of the 
later stage, chiefly because he was able to determine apparent age relations in 
less than 1 percent of the pairs in mutual contact, and some of these relations 











50 S. C. CREASEY. 





North limit of vein 


800 LEVEL 





a 8 

Dollars per ton ; Percent combined 
. gold and silver 5 lead and zinc 
° r ° 


fe} 50 100 FEET fe) 50 100 FEET 




































Fic. 13. Diagram showing distribution and grade of base and 
precious metals, D vein. 


contradicted others. Schouten (18) produced replacement artificially in the 
laboratory and showed that selective replacement is the chief cause of error in 
determination of age relations ; if selective replacement is admitted as possible, 
a small number of age determinations would not be significant. Widespread 
and consistent occurrence of veined and pseudomorphic minerals is diagnostic 
evidence for age relations under most conditions, but the writer did not ob- 
serve such consistency. 
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The following more detailed descriptions of individual mineral species il- 
lustrate common associations and occurrences of minerals. Two types of 
sphalerite occur, rosin and brown. Brown sphalerite is earlier than the rosin 
and in places is cut by the rosin variety. Brown sphalerite is more abundant, 
constituting more than 90 percent of the sphalerite. An analysis of the brown 
type by the American Cyanamid Co. showed Zn 63.5 percent, Fe 3.2 percent, 
and S 33.3 percent, which corresponds to 95 percent ZnS and 5 percent FeS. 
Brown sphalerite occurs chiefly as streaks or bands of relatively pure mineral, 
which contributes greatly to the banded structure of the veins. In part, these 
bands certainly represent replacement features, as residual pyrite grains in 
various stages of replacement are dispersed irregularly through them ; whereas 
on either side of the veinlet, idiomorphic pyrite occurs (Fig. 14). Commonly 
brown sphalerite is interstitial to pyrite that shows little or no modification of 
crystal outlines (Fig. 15). Such a relationship couuld mean either (1) 
simultaneous deposition of pyrite and sphalerite, (2) selective replacement of 
early quartz-ankerite by sphalerite, or (3) replacement of sphalerite by 
pyrite. Sphalerite occurs as microscopic veinlets in quartz, ankerite, chalco- 
pyrite, arsenopyrite, and galena. It is cut by veins of galena and is included 
as small grains in chalcopyrite and in pyrite. Idiomorphic arsenopyrite occurs 
in a matrix of sphalerite, but locally sphalerite embays the crystal outlines of 














Ez CO Ex 


a LJ 








INN 








Pyrite Sphalerite Gangue Pyrite Sphalerite Galena Gangue 
I | millimeter 4 | | millimeter | 
Fic. 14. Fro...15: 


Fic. 14. Illustration of the character of pyrite on either side of the contact of 
a band rich in sphalerite, I vein, 700 level. In the upper part of the field, sphalerite 
partly replaces pyrite; pyrite in the gangue is unmodified. 

Fic. 15. Sphalerite interstitial to pyrite that shows no modification of crystal 
form, H vein, 900 level. 
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arsenopyrite. In places sphalerite replaces ankerite, retaining the rhombohe- 
dral angle in the outlines of the grains. The parts of veins enriched in brown 
sphalerite are enriched also in tennantite, galena, and arsenopyrite. 

Rosin sphalerite is associated with clear quartz in late cross-cutting vein- 
lets; to a lesser extent it occurs with ankerite and tennantite and as dissemi- 
nated crystals whose age relations are obscure. Nests of rosin sphalerite, 
perched on comb quartz, occur rarely in late crosscutting fractures. Brown 
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Fic. 16. Relationships of galena and tennantite in gangue of ankerite, G vein, 
1,000 level. Shows the typical occurrence of these minerals. 


and rosin sphalerite occurred together in a few crosscutting veinlets. Their 
age relation was not discerned in these veinlets, but rosin sphalerite occurs 
only in late crosscutting veinlets that are younger than the bulk of the brown 
sphalerite. 

Galena rarely constitutes more than 4 percent of the vein, yet it was pres- 
ent in every polished specimen examined from productive veins. Galena and 
tennantite are associated very closely and are generally in contact (Fig. 16), 
but the writer did not observe evidence for an age difference between them. 
Galena, tennantite, and chalcopyrite also are a common association. Galena 
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is interstitial to pyrite and arsenopyrite; veins of galena~cut sphalerite and 
arsenopyrite and veins of sphalerite cut galena. In a few open fractures, 
galena, rosin sphalerite, and pyrite were perched on comb quartz. Galena 
and associated tennantite are largely in pyrite-free zones of quartz and ankerite 
(Fig. 16) that form part of the megascopic banded structure. They also occur 
as large grains at the ends of ankerite augens and, where more abundant, tend 
to rim the augen completely. In a few places galena replaced pyrite, as indi- 
cated by small irregular enclosed residuals of pyrite. Had the pyrite been 
younger, it most certainly would be in idiomorphic crystals, as the power of 
crystallization of pyrite is many times that of galena. The distribution and 
occurrence of tennantite are similar to those of galena. 

Chalcopyrite, which occurs only in very small amounts in the productive 
veins, forms small irregular independent grains, small masses associated with 
tennantite, and microscopic blebs in sphalerite. Microscopic veins of chalco- 
pyrite cut pyrite, arsenopyrite, and quartz-ankerite; and veins of sphalerite 
cut chalcopyrite. 

Arsenopyrite is abundant in massive sulfide, particularly in the ore. It 
commonly has crystal outlines, chiefly diamond-shaped in section, against all 
minerals except pyrite and other arsenopyrite. Apparently some arsenopyrite 
grew at the expense of pyrite, for a few larger crystals of arsenopyrite contain 
small irregular-shaped grains of residual pyrite. Arsenopyrite is associated 
with sphalerite, tennantite, galena, and chalcopyrite in veins that cut pyrite- 
rich veins and that contribute to the banded structure. In some areas cover- 
ing several square inches, it is more abundant than pyrite. 

The writer did not find any mineral that has silver as an essential part of 
its composition; the silver presumably is in solution in the galena and tennan- 
tite. Assays of mill concentrates reveal that silver is more closely associated 
with copper than with lead. Fluctuations in copper content of concentrates 
are always accompanied by a proportionate change in silver content. Hence 
most of the silver is probably in tennantite, although microchemical ammonium 
bichromate tests for silver were negative. Short (20) was unable to obtain an 
ammonium bichromate microchemical test for silver in tennantite that assayed 
1 percent Ag. 

Microscopic study did not reveal any gold-bearing minerals; however, 
sufficient data are known from metallurgical tests and assays to summarize its 
occurrence. The gold is free and occurs in galena, sphalerite, and pyrite. 
Pyrite carries most of the gold, chiefly because pyrite is more abundant. Fig- 
ures 11, 12, and 13 indicate the distribution of gold in three veins. The ratio 
of precious to base metals is higher in the quartz at the northern ends of veins 
than in the massive sulfide. The greatest concentrations of precious, metals 
also occur in quartz “noses.” Precious metals, like base metals, gradually 
decrease in amount southward. 

Ankerite is the carbonate mineral in the veins and the hydrothermally 
altered rocks. It was identified through index of refraction, microchemical 
tests, and slow effervescence with dilute acid. Ankerite that occurs as knots 
and as vein filling interstitial to sulfide minerals has an omega index of 1.710, 
indicating a composition of 65 percent dolomite (CaMgC,O,) and 35 percent 
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ferrodolomite (CaFeC,O,), according to Winchel (23). Ankerite from a 
small quartz-ankerite-chlorite veinlet cutting andesitic tuffaceous rock south 
of the mine has an omega index of 1.725, indicating equal amounts of dolomite 
and ferrodolomite. 

Postmineral Structures—The postmineral structures are faults, joints, 
and fracture cleavage. The larger faults that offset the veins are high-angle 
reverse strike faults. Those that dip more steeply than the veins produce an 
overlap; those that dip less steeply produce a gap. The Iron King fault 
(Fig. 4) has the largest known separation. It has displaced the I vein about 
100 feet vertically. 

Flat joints, essentially at right angles to the dip of the veins, are abundant 
throughout the veins. They are spaced only a few feet apart vertically. 

In the fine-grained well-foliated hydrothermal-alteration zones in the Iron 
King area, a set of small displacement shear planes cut the dominant foliation, 
producing fracture cleavage. The fracture cleavage has two distinct forms, 
(1) a series of V-shaped minor folds broken by fractures that bisect the folds, 
and (2) sigmoid folds that have sharp bends and a fracture bisecting the angle 
at each bend. The fracture cleavage appears to represent a set of conjugate 
shears. One set strikes N 50°-65° W and dips 80° SW, the other strikes 
N 70°-80° E and dips 75° SW. 

Summary of Depositional History.—Previous to deposition of early hydro- 
thermal minerals and possibly toward the close of the foliation-producing de- 
formation, shearing disrupted the continuity of the regionally foliated terrane 
and produced a local sheared zone of pronounced foliation. Tuffaceous beds 
of different competency may have localized the shearing. In this sheared 
zone, pyrite, ankerite, quartz, and sericite were deposited. Along the eastern 
or footwall side of the sheared zone, quartz, pyrite, and ankerite were concen- 
trated in echelon shears forming well-defined veins. West of the veins, these 
minerals and sericite were deposited as disseminations and as narrow veinlets 
alternating with schistose rock. These early echelon veins probably were 
similar in form to the present veins. The quartzose northern ends of the 
veins are relics of the early mineralization. 

Later the early echelon veins and the sporadically mineralized zone to the 
west were intensely sheared. There is no reason to suspect a time gap be- 
tween deposition of early minerals and the second period of shearing; the 
shearing may have interrupted the deposition of the early minerals. 

The second period of shearing mylonitized the northern parts of the veins, 
producing poorly defined planar structures that extend from the footwall to 
the hanging wall at an acute angle to the strike of the vein. Subsequently 
sphalerite, arsenopyrite, galena, tennantite, sparse chalcopyrite, sericite, and 
probably pyrite, ankerite, and quartz were deposited in the fabric produced by 
the later period of shearing. The similarity of distribution of sphalerite plus 
galena and gold plus silver (Figs. 11, 12, and 13) indicates that all productive 
veins had identical histories of mineralization and probably all formed simul- 
taneously. 

North-end quartz largely escaped base-metal mineralization, possibly be- 
cause of its monomineralic and more massive character. Quartz “noses” were 
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present prior to the ore-forming period of mineralization, for the quartz is cut 
by veinlets containing minerals of this period and the texture of the quartz is 
chiefly granoblastic-cataclastic, indicating strong deformation, 

Locally the high content of precious metals in quartz is difficult to interpret. 
Perhaps the location of the maximum concentration of precious metals north 
of the maximum concentration of base metals suggests that the peak of min- 
eralization of the former was offset in time and/or space from that of the 
latter. There is no compelling evidence for placing gold in the base-metal 
period of mineralization; silver, provided it is chiefly in tennantite, is defi- 
nitely associated with galena, hence came in during the later period. 


OTHER HYDROTHERMAL ALTERATION ZONES. 


Hydrothermally altered rocks away from the Iron King ore deposit were 
not studied in detail. Alteration that bleached the rocks occurred along the 
Kit Carson and Silver Belt-McCabe veins over widths that generally did not 
exceed the width of the vein. 

A wide alteration zone, ranging in width from 400 to 1,200 feet, in the 
eastern andesitic tuff unit of the volcanic breccias is characterized by quartz 
veins, carbonate, and magnetite (Fig. 2). Gravels of Lonesome Valley cover 
it north of the Humboldt region; its extension southward is unknown. The 
rocks in this wide alteration zone appear rhyolitic in composition, but it is not 
known whether they are altered rhyolitic tuffaceous sedimentary rocks or 
whether the rhyolitic composition is due in part to hydrothermal alteration of 
andesitic rocks. The rocks are predominantly light-colored on a fresh frac- 
ture but reddish to black on weathered surfaces, owing to staining by iron and 
manganese oxides. Quartz veins, ranging from less than one inch to several 
feet in width, are parallel to the foliation and transgress it. Some of these 
veins and possibly the altered rock contain casts after pyrite, and a hint of 
chalcopyrite “boxwork” occurs in some of the veins. Sericite is a major con- 
stituent of the rock in contrast to more chloritic rocks on either side. As 
quartz-sericite-pyrite is a common assemblage in hydrothermally altered rocks, 
the presence of more than average sericite for rocks that also contain secondary 
quartz and pyrite is suggestive of some secondary sericite. 

Although the writer made only limited studies, the work done suggests that 
this zone is chiefly a belt composed of thin-bedded fine-grained sedimentary 
rocks interbedded with subordinate amounts of thicker-bedded medium- to 
coarse-grained sedimentary tuffaceous rocks. In this respect the zone is 
similar to the one in which the Iron King deposit occurs. 
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GEOPHYSICAL EXPLORATION IN MICHIGAN. 
RICHARD H. WESLEY. 


ABSTRACT. 

Seismic refraction investigations carried out in Michigan have shown 
that the application of this type of geophysics can be an invaluable aid in 
certain engineering problems. The technique is outlined briefly with a 
simple two layer case illustrated. 

Field procedures under various conditions are considered in order to 
emphasize the versatility and advantages of refraction work. Speed and 
the economics of operation are also developed with special reference to 
actual jobs covering specific problems. 


INTRODUCTION. 

THIS paper is concerned with seismic refraction work and its application to 
mining and engineering problems in Michigan. Actual case histories of jobs 
are summarized covering various field problems in order to show its versatility, 
economics and limitations. In order that the application be more fully under- 
stood, a brief introduction to the theory is also inciuded. 

Geophysical exploration methods have been very instrumental in saving 
both time and money for oil and mining companies. The next logical step 
was to apply these techniques to similar geologic problems where the ultimate 
data would aid in location and design of engineering projects. The necessity 
of routing a highway where it is required and not where the location of the 
right-of-way might simplify construction is common today. This feature of 
location has greatly accentuated the necessity of securing all data pertaining 
to subsurface conditions. Seismic investigations have been valuable in locat- 
ing bedrock and profiling its topographic expression along many proposed 
traverses and these methods have been made public.t. It has been demon- 
strated also that additional information can be interpreted regarding the gen- 
eral soil conditions between rock and the surface, such as the depth of clay, to 
gravel, and to the water table. In this regard, electrical methods have often 
been employed almost to the exclusion of all others although the author has 
found seismic methods to be superior for particular problems, 

In foundation work of all types and especially for heavy structures such as 
dams, bridge abutments, power plants, and office buildings the detailed study 
of overburden material as well as of the rock strata is essential. Buried river 
channels, weathered rock, and fractured areas can be successfully picked out 
and their extent mapped. Rapid geophysical surveys of an area provide tenta- 
tive subsurface information which can be used for an informed site selection. 
Results from physical drilling at spot locations on sites as selected can be made 


1 Linehan, Daniel, and Currier, L. W., Application of geology and seismology to highway 
location and design in Massachusetts: Highway Research Board, Bull, 13, pp. 66-91, 1948. 
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much more valuable by using the drilling logs as control information for geo- 
physical profile plotting between the drill holes, thus giving the designer a 
much more complete picture of the foundation conditions at the sites in ques- 
tion. Sight selection has too often been done arbitrarily when some prelimi- 
nary exploration work would have aided in a much more desirable location 
from the standpoint of foundation conditions. Many engineers and designers 
have been loath to expend the money required for an adequate exploration 
program. It is felt that a means of securing subsurface data which is less ex- 
pensive than the methods of physical exploration in common use will make 
designers more willing to sponsor a program of subsurface studies and so in- 
crease the economy and safety of foundation design. 


THEORY OF SEISMIC REFRACTION METHOD, 


This technique is primarily based on the measurement of the length of time 
required for the advance of a wave front to reach a point from a source of 
energy, usually generated by an explosion. Measurement is made by com- 
paring the arrival times of the wave front at a number of pickups which are 
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placed in progression away from the source of energy. By comparing the 
times between different points, inferences can be drawn as to the nature of the 
material through which the energy has passed. 

Figure 1 shows a typical setup for a refraction survey. Along the surface 
of the ground are six seismometers or pickups (letters A-F) placed 50 feet 
apart along a line starting from the shot point. 

The top or weathered layer is represented to be a slow velocity material as 
compared to the bedrock below in which the generated waves will travel at a 
much faster velocity. Accordingly, a wave leaving the shot point travels as an 
approximate sphere down toward bedrock horizontally through the weathered 
layer. That part of the wave traveling through the weathered layer will con- 
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tinue at a slow velocity until bedrock is encountered. -Then it will start 
through the bedrock horizontally at a much faster velocity. The diagram 
shows how the wave front in the rock has outrun the same wave in the 
weathered layer. As the wave moves along the weathered layer and rock 
interface or boundary, a new series of wavelets is generated, following Huy- 
gen’s principle, and this wave again passes through the weathered layer to the 
surface. The instant the wave traveling horizontally through the weathered 
layer reaches the seismometers it is recorded as equal time distances. Then 
by the time the wave traveling down has reached bedrock’ it has started 
through at a higher velocity. It can be observed that the direct and refracted 
waves arrive at the third seismometer at the same instant. The next record- 
ings to appear on the photographic paper are those of the remaining seismom- 
eters as they pick up the waves from the bedrock and are recorded at shorter 
time intervals. 

The point of intersection between the two lines becomes further from the 
shot point as the thickness of the weathered layer increases. The intersection 
distance is the factor in determining the depth to bedrock. 

Velocities are determined by the following formulae: 

V dy dy 
oa *  &ho—h 


where V; = velocity of weathered layer 


d, = distance from shot point to point of intercept 


t; = time from shot point to point of intercept 

V2. = velocity of bedrock 

dy = distance from points of intercept to last seismometer 
to = time from points of intercept to last seismometer 


With the two velocities known the depth to bedrock is determined by the 
formula : 
j d |V:— Vi, 
t="sNp LT. 
2 Ve+ Vi 
A simple two layer case has been illustrated. If a multiple layer problem 


is encountered it is usually studied in a similar manner with a velocity line ap- 
pearing for each layer or change of material. 





FIELD OPERATIONS WITH SEISMIC EQUIPMENT. 


The author has found the compact, portable, refraction seismograph manu- 
factured by a Tulsa firm to be well adapted to engineering problems. The 
instrument most widely used has been a six-trace seismograph employing di- 
rect optical registration. It is equipped with an amplifier box and an attenu- 
ator control unit that controls the amount and strength of the impulse sent 
from the seismometer to be recorded photographically on a paper record. It 
is readily portable and may be mounted in a station wagon or jeep which can 
be driven to most sites examined. Work can be carried out in swamps or in 
the busiest urban areas. 
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Experienced technicians are not necessary. In most intra-city work, only 
two men are required to run a survey, only one of whom needs to be familiar 
with the operation of the equipment. In many cases in city work, the blow of 
a sledge hammer carried sufficient energy for a satisfactory reading. If this 
is insufficient, however, a part of a stick of dynamite (40 percent) packed in a 
hole four feet deep is used. This impulse has proven to develop sufficient 
energy to pick up bedrock over 100 feet beneath the surface and causes no 
alarm to citizens in the vicinity. The work, for instance, has been carried out 
successfully in the busiest part of downtown Detroit with slight or no inter- 
ruption of the normal activity in the area. 

Stray electrical currents, sewers, and pipes have not interfered with the 
results obtained with this instrument. Extraneous noises can be reduced be- 
yond the point of interference by direct control of each individual seismometer 
or pickup. It is satisfactory just to set the seismometers on the sidewalk or 
pavement, requiring no breaking of the pavement in order to get direct contact 
with the ground. The required detail can be controlled by the seismometer 
spacings ; that is, for greater detail they are close together and for deep sound- 
ings they are spaced farther apart. 

The advantages of this type of instrument lie not only in its portability, 
“ase of handling, and control of outside interference, but also in its versatility. 
It not alone can aid with fast, accurate surveys to determine depth to bedrock, 
or to hardpan, or to clay or gravel layers, and with the determination of depth 
and direction of old river channels, but it also can be readily adapted to vibra- 
tion measurements and the recording of natural frequencies. This feature 
enables the instrument further to be used in assisting the engineer. The 
analysis of the physical properties of the ground can be determined and the 
natural frequency of building, bridges, dams, and other structures can be re- 
corded. The instrument may thus be used to investigate possibilities of vi- 
bration damage to adjacent buildings during construction operations. Another 
advantage of this exploration method lies in its speed and economic saving. 
Some test boring and sampling is desirable as a final decisive check but the drill 
holes can best be spotted in locations as indicated by the results of the seismic 
survey. The total number of test holes is much less than that necessary if 
drilling alone is used. In glaciated country, alternate site selections are often 
made on the basis of surface indications with the possibility that either one 
may have satisfactory soil conditions. The elimination of one location from 
the test boring schedule may frequently be quickly accomplished by a seismic 
survey. 


APPLICATIONS OF THE SEISMIC METHOD. 


In 1949, with the aid of the Water Board of the City of Detroit, a demon- 
stration was held in order to point out the practical use of seismic investiga- 
tions in foundation work. Six-hundred-and-ten feet of profile was run to a 
depth of 145 feet. The location for the survey was chosen by the city the 
the morning of the demonstration and was along a route previously test-drilled. 
The logs and their location were withheld until after the seismic survey. In 
the short span of two hours, seismic techniques were able to determine that at 
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the south end of the profile—designated as B in Figure 2—the depth to bedrock 
was 142 feet below the surface. An eight-foot layer of weathered material 
rested on top of the clay and an eight-foot stratum of low velocity material 
(sand) came in under B as shown. — The depth of this stratum was interpreted 
to be 26 feet below the surface and the layer pinched out about 200 feet from B. 
The remainder of the cover consisted of clays with a velocity of approximately 
6,200 feet per second. At the north end of the profile at point A the depth to 
bedrock was 125 feet from the surface. The weathered layer at this end was 
about 185 feet in thickness, gradually thinning to the south. Upon completion 
of the survey and after results had been roughly tabulated in the field, the city 
revealed the location of the test holes and their respective logs. The rapid 
seismic survey proved to have less than three percent error when compared 
with the logs. 


SEISMIC DEMONSTRATION ALONG ROUTE 
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At a mid-town site in Detroit, studied in September 1950, the requirements 
were to make eight depth determinations to hardpan and rock in order that 
piles could be purchased with a resulting minimum of waste. The average 
depth to rock was a little over 100 feet and, consequently, fairly long spreads 
of the pickups were required (usually three times the intended depth). Here 
speed was important and the work was performed on a Sunday in order to 
avoid any delay due to excessive congestion. The results were in the hands 
of the contractor early Monday morning with one determination indicating 
that rock was strikingly lower in one spot than in others. Later driving of 
piles proved the seismic determination of the geologic changes to be correct 
within four percent error. The one low determination was verified and that 
area was interpreted to be part of the channel of an old stream. 
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The architect of a housing project in Michigan recognized the desirability 
of profiling between drill holes. Although only light structures were being 
considered, the material as revealed by drilling was so poor that it was essen- 
tial to see if these conditions prevailed throughout the site. A seismic investi- 
gation was decided upon and profiling was carried out between drill holes. 
The drilling logs enabled the author to increase the accuracy of the seismic 
work since something was known about the material at three of the points 
covered. Under these controlled conditions, a slight change in velocity can 
be more confidently interpreted and, therefore, more detail can be given. A 
valley, filled with soft saturated silt, was located in a compact, fairly rigid clay 
or glacial drift. 

In an area near the shafts of an iron company’s mines in northern Michi- 
gan, a long profile was run in order to determine the slope of the ledge so that 
serious mine flooding problems could be studied. Large volumes of water 


SEISMIC PROFILE IN NORTHERN MICHIGAN 
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were apparently finding their way through the relatively porous overburden 
and were running into the mines from the ledge surface. This profile, shown 
in Figure 3, was checked by seven borings, only one of which indicated a slight 
error of a few feet in the profile as mapped by seismic methods. In addition, 
it will be noted that the extent and thickness of the peat deposits were readily 
outlined. 

An investigation was carried out at the request of an insurance company 
to determine whether cracks and minor damage on structures adjacent to a 
construction project were the result of the construction activity for a large 
sewer project. Sheeting had been used along the sewer route to keep the 
sides of the excavation from slumping and it was felt that the activity of driv- 
ing and extracting the sheet piling was the major cause for the complaints. 
There has been evidence in former projects that vibrations caused by heavy 
traffic, the operation of machinery, or pile driving can cause damage to adja- 
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cent structures. Damage, however, is dependent upon the frequency response 
of the structure and, therefore, on the interaction with the ground. 

Ground frequencies were first determined by artificial impulses of known 
frequency and at a time when there was a minimum of activity in the area. 
Later another survey was made but this time recording all industrial activity. 
Thus a comparison of the dynamic response of the ground to construction 
activity was determined. Modifications in the standard field instrument were 
required in order that three components of a vibration could ‘be recorded. 
Traverses were then run in all directions from the source of energy to dis- 
tances up to 250 feet. This was necessary in order to show how the absorption 
characteristics of the ground could reduce the intensity of the vibrations. It 
was shown that the amplitudes caused by both the pile driver and the ex- 
tractor at a distance of 100 feet were sufficient to further damage small cracks 
or minor defects which were already present. At distances up to 35 feet from 
the pile driver or extractor initial damage could be developed but considera- 
tion had to be given to the damping effect of the foundations. Vibrations 
caused by traffic at the evening rush hour were measured along an adjoining 
street and found to be almost identical to those caused by the construction 
activities with the exception of the pile driver and extractor. It was then il- 
lustrated that the ground disturbance caused by a fully-loaded trailer truck 
traveling at the maximum legal speed limit was essentially the same as that of 
the pile driver at certain distances. This meant that the intensity of vibration 
produced by the truck as it moved through a calculated distance of 22-23 feet 
from a pickup produced the same magnitude of vibration as was developed by 
the pile driver at a distance of 149 feet. 


SUMMARY, 


Closer correlation between soil mechanics investigations and geophysics 
is essential for a thorough understanding of any foundation picture. Seismic 
work has proved itself in highway and foundation work. Caution, however, 
should be exercised against becoming too enthusiastic in accepting this or any 
other type of geophysical investigations as a “cure all” for subsurface uncer- 
tainties. It is not a universal tool, but intelligently used in conjunction with 
drilling and soil testing can clear up many doubts as to what will be encoun- 
tered when construction begins. 


NATIONAL EXPLORATION LABORATORIES, 
322 Bew ey BLipe., 
Fort WortH, TEXxas, 
May 14, 1951. 








ORIGIN AND PYROMETASOMATIC ZONING OF THE CAPITAN 
IRON DEPOSIT, LINCOLN COUNTY, NEW MEXICO. 
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ABSTRACT. 


The Capitan deposit is a steep cylindrical body which is about 1,300 
feet in diameter. It lies in gently westward-dipping San Andres lime- 
stone of Permian age, and is nearly on the axis of a westward-plunging 
nose formed by a laccolithic tongue from the large Capitan Mountains 
aplite. The igneous rock underlies the deposit at depths ranging from 
250 to 450 feet. The structure which localized the deposit is interpreted 
as a slowly developed collapse breccia caused by ground-water leaching in 
Triassic time. The intrusive and mineral deposit are middle Tertiary ( ?) 
in age. Much pyrometasomatic silicate is associated with the magnetite 
iron ore. Epidote, phlogopite, and tremolite comprise the silicate mass, 
and they are distributed within the cylindrical body as concentric zones 
which occur from the center outward in the order given. Origin of the 
collapse structure is discussed first and is followed by consideration of the 
effects of time and temperature in the formation of the mineral zones. The 
ore fluids probably came from the Capitan intrusive where they were con- 
centrated during its crystallization. A temperature arrangement set up by 
heated ore fluids appears to have been more effective in the creation of 
mineral zones than do successive introductions of magmatic fluid extracts. 


Open ground in the collapse structure greatly aided mineral zoning. 
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INTRODUCTION. 


Tue Capitan iron-ore deposits are located near the west end of the Capitan 


Mountains about six miles north of Capitan, New Mexico (10, p. 144). 
Several deposits occur along or near a contact between a middle Tertiary (?) 
aplitic intrusive and the San Andres formation of Permian age. Only the 
largest and clearly the principal one of these deposits is the subject of this 
paper. The location of the main deposits may be seen in Figures 1 and 3. 


/ALB UQUERQUE 


| 
Sis ¥ J, SANTA FE 











| BELEN | <h e — 
\ P py \ ” ™ * f° 
oi] } - e - 
| iy te “s 
| 2 “ VAUGHN 
rr - 
' So, gk h 7 MOUNTAINAIR | Z 
< SS oy DURAN \y oh 
| FS (v ee a be res 
| > * = Ving 
fa 
| OX 
VAN) ‘i 
1% 
| 
tag ie TPCORONA —— | 
; | 
ass 
, Ni | | 
\ i x NEW MEXICO! | 
v I, 
an . 
SOCORRO S fa} Cc re) n R 0 ae (6 
(\ 
ANCHQ”~0 ee 
4 woh TF 
. 4 ? | 
\ | AL \ N C 10) L N 
“reg 4/Y 
Xe, \~w 
a i} 
@ : } | 
~< | RON 
NE DEPOSITS 
2 it - | aes 
CARRIZO#£O N&e 1223. CAPITAN MTS 
ALE F + 
° © 20 MILES yo a 


CAPITAN 
suited, al 


Fic. 1. Index map showing the location of the Capitan iron-ore deposits. 


The altitude in the vicinity of the deposits ranges from 6,800 to 7,000 feet, 
and the terrain is one of gently rolling foothills. Juniper, pinon, and scrub oak 
form a moderate cover over much of the area (Fig. 2), but open grassy tracts 
are common along the valley bottoms. The general slope and drainage are 
toward the south. The alluvium of the valley floors is gullied by erosion 


1 Numbers in parentheses refer to Bibliography at end of paper. 
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which has occurred since the advent of the first settlers. Gullies at the 
southern margin of the hills are as much as 30 feet in depth. The stream 
courses rarely carry water except during heavy rains. 

The Capitan deposits have been known for many years, and although they 
have been considerably explored, no output of iron ore has come from them. 
In addition to a number of test pits, drill holes, and short tunnels dug by 
several private interests, the U. S. Geological Survey (10, pp. 146-147 and 
Fig. 23), and the U. S. Bureau of Mines explored and tested the deposits in 





Fic. 2. View southwest across the principal deposit. U. S. Bureau of Mines 
wagon drill in the foreground. 


considerable detail during World War II (16,17). In 1944 the U. S. Bureau 
of Mines sank some 160 holes up to 30 feet in depth with a wagon-mounted 
compressed air drill in an effort to delineate the deposit. The work failed to 
bottom the ore, and on the basis of the theory of origin of the deposit developed 
by accompanying detailed geologic mapping and logging of the drill samples, 
supplementary exploration by drilling was projected. Accordingly, during 
the winter of 1947-1948 the U. S. Bureau of Mines drilled seven churn-drill 
holes to depths ranging from 260 to 450 feet. 

These deposits have not been a source of iron ores during the past periods 
of war emergency although much smaller deposits in Lincoln County, which are 
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nearer to the railroad and the blast furnace at Pueblo, Colorado, have produced 
iron ore. Another deterrent to output from the Capitan deposit has been the 
low grade of much of the ore. The average principal tenor of the Capitan 
ores shown below was determined by averaging many composite samples.” 


Constituent Percent 
DU GPOR. ss wate vs tase ea BC ee Th ee eo ee a 48.10 
Sulfur (S)....... cys =the Maca 8 © Wettande a1 Ons oreaenrin Os 0.06 
Phosphorus (P)..... EE Ne I 6 PO FIER e CO 0.06 
Lime (CaO)........ ep Me? ee ee eee ee 
Silica (SiOz)........ ; ‘ : eRe Leas 


Total reserves of iron in the main Capitan deposit of about the above grade 
might amount to three million long tons. 


GEOLOGY. 


General. 


Rocks in the general area near Capitan range in age from Permian to 
Recent as shown in the following generalized stratigraphic table. 


STRATIGRAPHIC TABLE 





Thickness 
Age Description (feet) 
Quaternary Recent alluvium and Pleistocene pediment gravel 0-100 + 
Acidic to basic dikes, sills, and laccoliths probably mostly of 
middle Tertiary (?) age. 
Tertiary Latitic to andesitic flows and breccia of middle Tertiary (?) age. 0-1,000 + 
Sandstone (4, p. 215); possibly equivalent in part to the Galisteo | 
or Raton formations. 600 
Mesaverde formation (18, p. 426; 4, p. 215; 12, p. 10; 3, p. 435; 
Upper 15, p. 67): sandstone, shale, and coal. 630 
Cretaceous Mancos shale (18, p. 426) 944 
Dakota sandstone (15, p. 66; 18, p. 426). 60-250 
Jurassic Morrison formation (?) (15, p. 66). 0-125 
Triassic Dockum group including Chinle shale and Santa Rosa sandstone 1,500 + 
San Andres formation: limestone with some sandstone and 
Pereslats gypsuin. 1,000 
ee Yeso formation: sandstone, siltstone, gypsum, and limestone 
(1, Pl. 2) 1,000—2,000 


(Base not exposed) 


The general area of the Capitan deposits is situated almost on the axis of 
a north-trending regional arch. The east flank of this arch descends very 
gradually toward the Permian Basin, and the west flank descends less gradu- 
ally and with more structural interruption into the Sierra Blanca Basin to the 
west. This arch probably roughly coincides with a buried north-trending 
Precambrian positive element which appears to have maintained itself 
throughout most of Paleozoic time. The deposits are situated near the western 
end of the prominent Capitan intrusive mass which by reason of its erosional 
resistance stands 1,000 to 1,500 feet above the surrounding plains and mesas. 


2 Figures by the U. S. Bureau of Mines. 
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The principal rocks in the immediate vicinity of the iron deposits are lime- 
stone of the San Andres formation. Sedimentary rocks of Triassic and Cre- 
taceous age crop out about one mile to the south and to the west, and extensive 
outcrops of the Capitan intrusive begin about one-half mile east of the deposits 
(Fig. 3). 

Sedimentary Rocks. 


San Andres Formation.—A section of San Andres rocks about 1,000 
feet in thickness is exposed in a westward-dipping outcrop band between the 
western end of the Capitan aplite intrusive and the lowermost beds of the 
Dockum group about one and one-half miles to the west (Fig. 3). The 
upper boundary of the formation is an erosional unconformity of slight relief. 
Although some of the original uppermost beds of the San Andres may have 
been eroded prior to their covering by Triassic beds, on the basis of both local 
and regional relations, the thickness of removed beds does not appear to be 
more than a few tens of feet. The lowermost beds of the formation may be 
cut out or displaced beneath the surface by the western end of the Capitan 
intrusive. However, it appears quite possible that the laccolithic mass was 
emplaced at or near the base of the San Andres formation and that essentially 
the entire thickness of the formation is present in the outcrop band shown in 
Figure 3. 

The formation is dominantly limestone, but beds and lenses of sandstone, 
gypsum, and shale are distributed throughout the section. The limestone 
beds range from thick to thin and their demarcation is largely by their shaly 
partings. The general massiveness, low dips, and poor outcrops in the area 
conceal the bedding and make attitude determinations difficult. The lime- 
stone is gray, dark gray, olive drab, or white in weathered outcrops. It is 
generally devoid of chert masses, lenses, or layers. Several of the limestone 
beds are rather fossiliferous. In a ledge below the road approaching the iron 
deposits numerous brachiopods, which are selectively replaced by tremolite, 
may be found. Fusulinids are abundant in some places in the middle part of 
the section. 

Two gypsum beds occur in the upper part of the section. The upper bed 
lies very near the top of the section and is about 110 feet thick. The lower 
gypsum bed is 20-30 feet stratigraphically below the upper one. 

Several thin beds and local thick lenses of sandstone occur in the formation. 
These beds are as much as 30 feet in thickness and are principally in the lower 
one-third of the formation. In many places the lowermost bed of the forma- 
tion, which is directly in contact with the aplite, is sandstone (10, Fig. 24). 
Where this bed has been indurated by the igneous action, its resemblance to 
the aplite makes the determination of the contact difficult especially in mapping 
by float. The sandstone is typical of that found elsewhere in the state in the 
San Andres formation and in the Glorieta sandstone. It is generally medium 
grained and consists mostly of clear or white, subrounded to rounded, shiny 
quartz with a calcareous cement. Sandstone dikes occur in the limestone in 
some places. These appear to have been squeezed into position from under- 
lying beds. 
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Dockum Group.—Two areas of Triassic rocks crop out in the area in- 
cluded within Figure 3. Along the west side of the area about one mile west 
of the iron deposits lowermost Upper Triassic rocks overlie the upper gypsum 
bed of the San Andres. The basal beds are buff, fine-grained, medium to 
massive sandstone about 80 feet thick. The immediately overlying rocks are 
thin-bedded, red-brown siltstone containing thin pebble-conglomerate beds. 

The uppermost beds of the group are poorly exposed beneath the Dakota 
sandstone in the center of a small dome one mile south of the deposits (Fig. 
3). These consist of variegated shale, thin arkosic sandstone beds, and thin 
limestone beds. 

The entire Triassic section is exposed in the adjoining area. It consists 
of buff sandstone and shale and siltstone of various shades of red-brown. It is 
probably 1,500 to 2,000 feet in thickness and appears to contain equivalents of 
the Santa Rosa sandstone and Chinle formation of the Dockum group. 

Dakota Sandstone.—The Dakota sandstone is exposed in prominent hog- 
backs around a dome which lies to the south of the iron deposits. The north 
flank of this dome is shown by Dakota sandstone, and Dockum outcrops along 
the southern edge of Figure 3. The Dakota in the Capitan area is about 250 
feet in thickness and is dominated by a central unit of hard, massive, cross-bed- 
ded sandstone that is commonly weathered dark brown. The formation is com- 
monly conglomeratic at the base. The sand grains are generally subrounded 
and coarse. Limonite grains are common in the outcrops, and cementing is 
irregular, resulting in concretionary surfaces. 

Mancos and Mesaverde formations do not crop out within the area of 
Figure 3, although it is obvious that Mancos must underlie the surface to the 
east of the Dakota outcrops south of the Capitan fault. 

Pediment Gravel—tThe general level of the tops of the ridges and hills 
along the low divide west of the Capitan Mountains appears to have been an 
old pediment surface, and small gravel patches can be found locally on some 
of the ridges. Flanking the hills along their south base and in patches between 
the recent valleys are gravel-covered pediments which appear to have formed 
a small piedmont plain before their present dissection. These gravels are 
spread irregularly over the surface on which they lie, and their base cannot be 
determined very accurately in mapping. There is a distinct change in the type 
of gravel in the pediments from west to east corresponding with the type of 
rocks in the hills to the north. The gravels west of Davis’ ranch house (Fig. 
3) consist of fragments of the Santa Rosa and San Andres formations with 
the former more abundant to the west and the latter to the east. East of the 
ranch house the San Andres fragments are more abundant, and the Santa 
Rosa fragments disappear. Toward the Capitan Mountains, aplite fragments 
become predominant to the exclusion of all other sedimentary fragments (14, 
pp. 121-123). South of the eastern deposits of iron ore, the iron-ore float in 
the pediment gravels is so abundant in places that claims have been staked out 
on the concentrations. Many pits and trenches have been dug on the suppo- 
sition that the material was residual float from underlying iron ore bodies. 
Very locally the concentration of iron-ore boulders is so great that the gravels 
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form low-grade alluvial iron deposits. The gravels are probably Pleistocene 
in age. 

Recent Alluvium.—The valleys are filled with alluvium which at the south- 
ern edge of the hills attains a thickness of at least 30 feet. Recent erosion 
has cut steep-sided gullies. Most of the fill is brown clay, silt, and sandy clay 
which is banded in different shades of brown or buff. The finer material is 
typically intercalated with irregular and discontinuous layers of cobbles or 
gravel. In the hills the gullies are more sinuous than in the valleys, and where 
the gullies swing close to the sides of the valleys, bedrock is exposed. 

Near the western edge of the area shown in Figure 3, a few small sink 
holes have formed in the San Andres limestone. 


Igneous Rocks. 


All the intrusive rock of the western end of the Capitan Mountains is a 
light-buff to white aplite. Near the contacts or in the thin sills the rock is 
rhyolitic in texture. The aplite has a clean look on a weathered surface, but 
on a broken surface it may be splotched with limonite formed from decomposed 
magnetite and ilmenite. Very small miarolitic cavities are common. 

Under the microscope it may be seen that orthoclase is the dominant 
mineral with much micropegmatite, microperthite, and myrmekite. Quartz 
is somewhat less abundant than orthoclase. Magnetite, ilmenite, leucoxene, 
and acidic plagioclase are present as accessory minerals. Patton (14, p. 121) 
has termed the Capitan intrusive alaskite. In various parts of the intrusive 
the texture may range from aphanitic to granitoid. 

In addition to the large main mass to the east and north of the deposits, 
there are two small sills. One sill crops out beneath a small iron-ore bed on 
the slope east of the main ore body (Fig. 5). The other sill caps part of the 
low knob south of the main deposit (Fig. 3). The aplite is probably middle 
Tertiary in age. 

Structure. 


The outcrops of the San Andres formation are curved around the western 
end of the Capitan intrusive in the form of an inclined nose. The dips to the 
north and west in general are gentler than those to the south and range from 
5° to 25°. On the south the dips range from 15° to 40° (Fig. 3). The con- 
tact between the intrusive and the sedimentary rocks is smooth and regular 
with only few offshoots in the form of dikes or sills. The main iron deposits 
are essentially on the axis of the nose. Seven churn-drill holes drilled by the 
U. S. Bureau of Mines show that the main mass of the Capitan intrusive, 
which crops out about one-half mile east of the deposits, extends beneath the 
deposits where it lies at depths of 250-450 feet below the surface. 

The Capitan Mountains are an elongate intrusive complex about four miles 
in width and 21 miles in length. On the basis of the outline of the intrusive 
shown on various regional geologic maps, it is reasonable to assume that the 
general form of the body is that of a stock or perhaps an unusually elongate 
laccolith. From the beginning of the geologic work on the iron deposits the 
writer was puzzled about the evenness of the skyline of the mountains, a 
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rather anomalous feature among intrusives of this type in New Mexico. Dur- 
ing the iron-ore investigation the top of the mountain west of Capitan Gap 
was traversed in reconnaissance manner and found to be capped by sandstone 
and limestone very similar if not identical to the lower beds of the San Andres 
formation which overlie the aplite near the iron deposits (Fig. 3A—A’). 
Thus, about the western one-third of the intrusive has been found to have a 
sedimentary cap or possibly roof, and on the basis of similar evenness of sky- 
line the eastern part of the intrusive may be found to be “roofed” also. It 
may be noticed from vantage points along the north and south flanking ridges 
of the intrusive that there are some more or less level benches on the ridge 
profiles. The situation is suggestive of the presence of weaker sedimentary 
“plates” locally in the sides of the intrusive. The Capitan intrusive may be 
built of multiple laccoliths or half-laccoliths which are fed by a dike rising 
along a more restricted and confined conduit in the Precambrian rocks (Fig. 
4). It has been found that the intrusive masses of the Gallina Mountains in 
the northern part of Lincoln County are laccoliths commonly emplaced just 
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Fic. 4. Diagrammatic cross section of the Capitan Mountains. 


above the Precambrian rocks (9). The interval of incompetent Yeso beds, 
which lies beneath the stronger San Andres formation, was probably a zone of 
easy lateral spreading. It is probable that much of the severe contorting of 
the Yeso beds in the area surrounding the Capitan Mountains is due to the 
crowding action of sills and laccoliths which extend from the main intrusion 
(13, p. 427; 4, p. 215). 

Faults are of minor occurrence near the main iron deposit. The north- 
trending fault shown in Figure 5 is normal and has a displacement of about 
45 feet. A much larger break, herein termed the Capitan fault, trends westerly 
along the base of the hills about one mile south of the deposits. A strati- 
graphic throw of nearly 3,000 feet, with the south side down, is indicated. The 
fault continues westward for several miles toward the base of Tucson Moun- 
tain. To the east it is obscured beneath alluvium from the Capitan Mountains. 


CAPITAN MAIN DEPOSIT. 


Minerals and Textures—The minerals of the deposit are conveniently 
discussed in two categories: (1) ore minerals and (2) gangue minerals. In 
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large part these two types are separate within the mineral deposit, but in many 
places much intergrowth of ore and gangue minerals occurs. The principal 
textures are granular and decussate, and these occur in vuggy, banded, and 
breccia structures. 

The dominant ore mineral is magnetite, but locally some hematite and mar- 
tite have formed. These minerals have been altered very locally near the sur- 
face to goethite and other hydrous iron oxides. In the lean parts of the ore 
some siderite and jasper are present. 

The hypogene ore ranges from fine to coarse grained. In the numerous 
vugs, small octahedrons of magnetite are abundant, and locally these crystals 
are modified by dodecahedrons. 

The most abundant gangue mineral is calcite. Most of the calcite is in the 
form of limestone or marble which has been more or less replaced by the ore 
or the silicate gangue minerals. In the more highly replaced and recrystal- 
lized limestone, the calcite is completely redeposited and occurs in vugs in the 
ore. Some of the most strikingly banded ore is made up entirely of alter- 
nating thin layers of vuggy calcite and magnetite. 

Three silicate minerals are abundant in the deposit. This is a striking 
contrast to the many small iron-ore deposits throughout Lincoln County where 
magnetite bodies occur at or near intrusive masses with little or no silicate 
minerals. The usual silicate mineral is tremolite or actinolite. At the Capi- 
tan deposits, by contrast, much epidote and phlogopite as well as tremolite are 
present. It is also significant that garnet an scheelite, minerals common to 
many iron-ore deposits of the western and central parts of New Mexico, are 
not present in any of the deposits of iron ore in Lincoln County. A small 
quantity of ilvaite and aegirine-augite, however, has been found near the outer 
edge of the metamorphic aureole just south of the area shown in Figure 5. 

Although epidote, phlogopite, and tremolite are commonly intergrown with 
each other and with magnetite at the main Capitan deposit, it is a rather 
noticeable feature that large masses or areas of nearly pure phlogopite or epi- 
dote occur separately. A 29-foot shaft inside of the ore ring was sunk in an 
essentially pure, vuggy, coarse-grained, banded mass of epidote. Two 35-foot 
cuts near the southern edge of the main deposit have been opened in similar, 
nearly pure, coarse-grained phlogopite. 

The epidote at Capitan ranges from dark green to light green. The masses 
are very vuggy and in decussate and granular intergrowths. Individual crys- 
tals are as much as one-half inch in length. The phlogopite is white to amber 
colored. Individual plates are as much as one inch in diameter and commonly 
aggregated in small rosettes. The tremolite is finely fibrous and mostly 
white, although locally it may be pale green. It is more often associated with 
phlogopite than with epidote in the deposits. The silicate minerals are largely 
confined to the inside of the ore circle. 

A small amount of quartz occurs in the deposits, and a minor quantity of 
purple fluorite is scattered in the ore. Quartz occurs as jasper especially lo- 
cally along the outer margin of the ore ring; as detrital grains in arenaceous 
limestone and small patches of sandstone within the deposit; locally in vuggy 
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epidote where it overlays the latter; and as a few small late veins cutting the 
ore. 

Structure —The most prominent structure within the main ore body is the 
bedding which has been inherited and preserved from the replaced limestone. 
Although the beds are locally undulated, a slight general westward inclination 
exists across the deposit. So prominent is this bedded structure that the first 
impression likely to be gained of the deposit is that it is a simple bedded re-, 
placement and that the ore bed on top of the main ridge had been cut through 
by the valley to the west only to crop out again on the west side. In fact, as 
can be seen in Figure 5, the ore bed can be traced almost continuously from 
the east side around the head of the valley to the west side. Even though 
such an outcrop might be caused by the effect of topography, mapping has 
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Fic. 6. Tracing of a sawed slab of breccia ore. Black, ore; white, marble. 


brought out certain anomalies which make it evident that the ring-shape has a 
control other than topography. 

Banded structure is a very striking and common feature of the Capitan 
ores. Although it is most prominently developed with calcite and magnetite, 
it is also developed with the silicates, especially tremolite. Much of the band- 
ing appears to have been inherited during replacement from stratification in 
the limestone. On the other hand, hypogene banding appears to have resulted 
both by diffusion of ore salts in the limestone and by rising ore fluids which 
crossed the bedding. 

Breccia structure is also common in the ore especially in the southern part 
of the deposit. Most of the intermediate grade of ore has a pronounced 
breccia structure, of which part was formed by replacement and part was in- 
herited and simply preserved during replacement (Fig. 6). Little or none 
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of the ore has experienced post-mineralization brecciation. Much of the brec- 
cia ore-structure consists of closely spaced, oriented, tabular or lenticular frag- 
ments which possess a rude banding. This material is termed organized 
breccia in contrast to the unoriented material termed disorganized breccia. 
All gradations between banded- and breccia-ore exist. Even where bands are 
not interrupted, they may be so irregular that on a differentially weathered 
surface they appear to be brecciated. The origin of the banding and especially 
the organized or banded breccia has a direct bearing on the origin of the de- 
posit as a whole and is discussed further under Origin. 

Although the ore banding described above is largely parallel to the bedding, 
in many places it clearly transects the bedding. Along the east, northwest, 
and southwest boundaries of the ore circle the mineral banding is vertical and 
parallel to the contact of the ore body. 

Where the steep structures are not dominant, it can be noticed that the 
bedding and banding dip in a general way toward the center of the ring. This 
condition suggests slumpage of the central area of the deposit, and together 
with the breccia gives the key to the origin of the deposits. 

Most of the low-grade ore in limestone occupying the southern part of the 
deposit is an unoriented or disorganized breccia (Fig. 5). All the breccia 
structure in the ore, including the disorganized as well as organized types, 
originated prior to mineralization. Magnetite replaces the breccia in all de- 
grees, but selective replacement of fragments in preference to matrix is the 
most common structure in the partial replacement stage (Fig. 6). 

Polished slabs of nearly pure ore from this southern sector show clearly the 
relic breccia-structure in the magnetite. Although depositional limestone brec- 
cias are present in some parts of the San Andres formation, it is quite clear 
from stratigraphic evidence that they are not present in the section replaced by 
the ore. The brecciation of the limestone took place after its consolidation. 

Pyrometasomatic Zoning.—Outcrops inside the ore circle are meager, and 
it is difficult to detect a zonal distribution of minerals from surface exposures. 
During the initial exploration of the iron deposits the U. S. Bureau of Mines 
drilled many holes up to 30 feet in depth inside as well as across the ore ring. 
Mineral logging of the three-foot samples from these holes brought out the 
zoning of the silicate minerals as shown in Figure 7. 

Epidote occurs in a semicircular band 100 to 300 feet in width. Inside the 
semicircle of epidote there is a core of sandstone and limestone which is nearly 
undisturbed and unreplaced. The epidote mass contains little phlogopite or 
tremolite except near its boundaries, and it is practically devoid of magnetite. 
Magnetite is concentrated, however, against both the outside and inside con- 
tacts of the epidote semicircle. The phlogopite zone is also marginal to the 
epidosite on both the inside and outside of the semicircle, but is more abundant 
on the outside. The inside boundary of the phlogopite zone corresponds very 
closely to the inside boundary of the ore ring, and of the three important sili- 
cate minerals, phlogopite shows the closest relationship to the magnetite. 
Tremolite, but no epidote, is present in the phlogopite zone. 

Extending irregularly beyond the phlogopite zone is an area in which the 
only other silicate mineral is tremolite. Although the tremolite may be locally 
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dominant, it is more commonly a lesser constituent in magnetite, marble, or 
limestone. In Figure 7 only the magnetite outside the areas of silicated rock 
is shown. It is that part of the ore body which is intergrown with or replaces 
only marble or limestone. It may be considered the fourth or outside member 
of the roughly concentric zones. 

The silicate minerals bear only obscure sequential relations to each other 
and appear to have formed in large part simultaneously. Some veining, how- 
ever, suggests the following order of cessation of deposition: epidote, phlogo- 
pite, and tremolite. Magnetite appears to have crystallized, at least partly, 
with the phlogopite and tremolite. Occasional small crystals of magnetite 
occur in fine epidote vugs, and magnetite-lined vugs are occasionally overset 
with phlogopite crystals. Magnetite deposition probably outlasted the silicate 
formation. Locally, near the edge of the silicate rock or the ore circle, the 
gray limestone has been converted to a fine-grained white marble. 

A sparse but wide scattering of small tremolite needles occurs in the lime- 
stone (11, p. 137) especially to the north and east of the deposits. Fossils in 
the limestone are commonly selectively replaced by tremolite. 

Origin.—The location of the Capitan ore deposit involves a determination 
of the structure, and the origin involves an explanation of the igneous actions 
which the structure controlled. The circular shape of the deposit suggests 
three possible structures which might have served to localize the mineral 
deposit : 


(1) a bioherm mass ; 
(2) a diatreme ; 
(3) a collapse structure in cavernous limestone. 


All three possibilities were considered during field mapping and favorable and 
unfavorable facts for each were searched for. The evidence points strongly 
to the existence of a collapse structure upon which the mineral deposit was 
subsequently imposed. 

Limestone biohermal masses are known in the San Andres formation of 
southeastern New Mexico. Also it is not uncommon for quartz sandstone 
beds in the San Andres to locally change into limestone that is probably bio- 
genic. A short distance southeast of the main deposit (Fig. 5) a prominent 
sandstone bed appears to grade laterally into limestone. The sandstone patch 
in the center of the mineral deposit (Figs. 5 and 7) also appears to pass lat- 
erally into limestone especially to the southwest and northeast. However, 
exposures in this area are poor and the evidence of transition is obscure. No 
bioherms were seen in the San Andres of the surrounding area. Furthermore, 
no typical biohermal structures were identified in the completely or partly re- 
placed limestone bed within the deposit. Thus, the evidence directly against 
a primary biohermal structure, in addition to evidence directly favorable for 
the collapse structure, makes the biohermal postulate untenable. 

The presence of a diatreme or “perforation pipe” (6, p. 1) type of struc- 
ture is suggested by brecciated masses within and marginal to the deposit and 
by some steep circumferential fractures along the west and southwest edges of 
the deposit. The evidences against the formation of an explosion pipe or a 
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centrally punched structure are several. No pluglike intrwsives are recog- 
nized; instead, the immediately associated intrusives are concordant with the 
country rock. No older rock has been punched upward into the structure. 
Furthermore, it is probable that the area was under too great cover in middle 
Tertiary time for explosive action to have occurred. 

The hypothesis which is most supported by the field relations is that 
ground water created a local cavernous condition which collapsed under the 
weight of overburden to form a sort of “sink-hole” structure (8; 2, p. 823). 
The evidence in support of this theory consists of brecciated ground, inward 
dip of mineral banding and organized breccia, and steep fractures and mineral 
banding that are more or less tangential to the circular ore body. The brec- 
ciated ground is concentrated mostly in the south-central part of the deposit 
(Fig. 5). Where the steep to vertical mineral banding is not present, it can 
be noticed that both bedding and banding show a slight general inclination 
toward the center of the ore ring. These features are suggestive of the slump- 
age of the area now occupied by the deposits. The breccia fragments range 
from medium-grained sand sizes up to pieces about two inches in diameter. 

The San Andres formation throughout New Mexico is noted for its porous 
and cavernous condition. The tendency of the formation to become cavernous 
under the action of ground water is much greater than with other Paleozoic 
limestone formations in the region. The widespread development of second- 
ary solution porosity and permeability makes tke formation a copious aquifer 
in the Pecos Valley to east of the Capitan Mountains. The reasons for the 
relatively great amount of secondary porosity in the San Andres are not com- 
pletely known. It may be due to an original high porosity or some special 
textural or compositional character. Thus, in some outcrops numerous small 
lenses, grains, or laminations of gypsum are present, and the solution of the 
gypsum in such beds would create a high secondary porosity. 

At the Capitan deposit the nature of the breccia, the disposition of the in- 
ward dips, and the lack of sharp boundaries to the structure all indicate that 
no large caverns were formed. Hence there was little or no large-scale sud- 
den collapse. Instead it appears that the slump was produced by a slow crush- 
ing under the force of gravity of a sponge-like limestone area. The type of 
porous or finely cavernous rock that developed was probably very similar to 
the ‘““worm-eaten” condition described and illustrated by Fiedler and Nye (7, 
p. 68 and Pl. 11) in their description of parts of the Picacho limestone in the 
Roswell artesian basin of New Mexico some 30 miles to the southeast. The 
Picacho limestone of the Roswell area is now referred to as the San Andres 
formation (19, p. 1651). Solution and gradual collapse under the weight of 
overlying rocks probably went on together. Figure 8 shows in three stages 
the manner in which the collapse is conceived. The “worm-eaten” structure 
is commonly layered parallel to the bedding, and even partly crushed limestone 
often retains some alignment with the bedding. This material whether re- 
placed by ore or not is termed organized breccia (Fig. 6). The most ad- 
vanced stage of collapse results in a mass that is termed disorganized breccia. 
Near the outer margin of the structure, “‘worm-eaten” but uncrushed lime- 
stone was in places interlayed or mixed with crushed material. In the ad- 
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vanced stage of collapse and crushing some shear planes were developed both 
at the outer edge and within the structure. 

The amount of slumping cannot be determined, but it does not appear to 
be great. The base of the structure was probably near the base of the forma- 
tion. The upward extent of the collapse structure cannot be determined be- 
cause of erosion, but the area of sandstone and limestone near the center of 
the deposit (Fig. 5) appears to be a mass of the bowed-in roof. 
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The collapse structure is not one which was related to the surface which 
existed at the time of intrusion and mineralization of middle Tertiary (?) age, 
because at that time the San Andres beds at the deposit were possibly under a 


cover of two or three thousand feet in thickness. The collapse structure ap- 


pears more likely to have formed either with reference to the pre-Triassic 
surface or during the deposition of the early Upper Triassic beds. Ancient 
sink holes and intraformational collapse structures are common in eastern 
New Mexico. Most of them are based in the soluble Permian rocks. The 
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copper deposits near Pastura, New Mexico, occur in a sink-hole structure 
which was formed during the deposition of the Santa Rosa sandstone, the 
basal formation of the Dockum group.* At the Capitan deposit the collapse 
structure must have formed before the San Andres beds in question were 
buried too deeply for solution to develop the cavernous condition. 

Probably the San Andres beds and the collapse structure remained nearly 
undisturbed until the intrusion of the Capitan laccolithic mass in middle Ter- 
tiary (?) time. The arched or noselike structure upon which the deposits 
are located was developed by the intrusion. 

As has been stated above, the laccolithic nose of the Capitan intrusive 
underlies the deposits at depths of 250 to 450 feet. It is at greater depth on 
the west and lesser depth on the east side of the deposit, a fact which indicates 
general conformity of the intrusive with the westward-dipping beds. If the 
intrusive is laccolithic in aspect on the west end, it then appears most likely 
that the ore fluid and its contained metals came from the magma and not sepa- 
rately from a deep-seated source. If this is so, then the ore fluids were prob- 
ably concentrated within the intrusive after emplacement and sometime during 
or toward the end of its consolidation. 

The horseshoe-shaped rib of epidote (Fig. 7) appears to be the first result 
of mineralization. The position of this mass may have been caused by a semi- 
circular sheath of more intense shattering or brecciation within the collapse 
structure. Ore fluids and heat moved more readily through the curved 
sheathlike channelway. If this preliminary postulate of control upon the early 
movement and localization of the ore fluid is correct, it may then be deduced 
that the first extracts from the magma were of a composition and temperature 
which would cause the deposition of epidote. Almost complete replacement 
of the limestone was accomplished. The lime necessary to form epidote most 
certainly existed in place, but quantities of iron, aluminum, and especially silica 
may have been introduced. The epidote rib represents the most intensive 
zone of replacement. The concept of its early formation is based upon meager 
and inconclusive paragenetic relations. If, however, the supposition of its 
early formation is accepted, then it seems quite clear that phlogopite, tremolite, 
and magnetite formed in overlapping succession of time around the curving 
sheathlike nucleus of epidosite. The spacial zoning may be the result of a 
succession of extracts from the magma of the following kind and order: (1) 
silica, iron, and aluminum; (2) silica, potassium, aluminum, and fluorine; (3) 
silica; and (4) iron. It should be pointed out that the San Andres limestone 
is generally dolomitic enough to supply the magnesium necessary for the 
formation of phlogopite and tremolite. In fact, the point might be made that 
these minerals are probably an indication of the dolomitic composition of the 
limestone. If a compositional change in the extracts took place with time, as 
is most expectable, it would appear that the fluids were fundamentally of a 
silico-aqueous nature and that the change involved a decrease with time in the 
supply of silica and probably also water. Potassium, fluorine, and iron were 
introduced a little later than silica, and although silica continued to deposit 


8 Read, C. B., Oral communication. 
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in the form of jasper almost to the end of the hypogene process, iron was the 
predominant final extract from the intrusive The entire process and succes- 
sion of minerals may have been accomplished in an environment of falling 
temperature. During the period of silication carbon dioxide was subtracted 
from the replaced limestone. 

The process described above involves principally successive introductions 
of certain elements of magmatic derivation. The zones shown in Figure 7 are 
overlapping ; that is, the inner zones contain minerals of the outer zones, but 
the outer zones do not contain minerals for which the inner zones are named. 
It may be that the zoning and entire mineralization was accomplished more or 
less simultaneously, in which case the ore fluids may have entered the struc- 
ture along the sheath now occupied by epidote and moved upward and out- 
ward through the entire collape structure. The temperature was highest in 
the sheath and fell off away from it. The temperature was perhaps not high 
enough in the phlogopite zone for the formation of epidote and not high 
enough in the tremolite zone for the formation of phlogopite or epidote. 
Under this theory temperature rather than time is the principal control in 
the establishment of the pyrometasomatic zones. 

The ore, consisting mostly of magnetite, overlaps both the phlogopite and 
tremolite zones and in large areas extends into limestone where neither of the 
above silicates is present. If the deposit were the result of a succession of 
introductions, it would appear that the magnetite might be concentrated to a 
greater extent in the more easily replaceable limestone. Furthermore, if the 
magnetite were a late introduction, it should have been deposited more than it 
is in the epidosite for this rock is especially vuggy. Little or no ore is in 
epidote, and the inner contact of the outer ore body is rather sharp against the 
epidosite. Thus it appears that temperature was more important in the crea- 
tion of the zoning than successive introductions of magmatic extracts. 

The zoning in the Capitan deposit furnishes some significant data on the 
relative conditions of formation of magnetite as compared to the silicates with 
which it is associated in the deposit. The temperature and chemical environ- 
ment existing while epidote replaces limestone is unfavorable for the deposi- 
tion of magnetite. The physicochemical environment in which tremolite and 
especially phlogopite form is favorable for the deposition of magnetite pro- 
vided, of course, iron is present in the fluids. 

Probably, however, widespread application of the interpretations made for 
the Capitan deposit cannot be made. The conditions were probably special 
and perhaps even unique. 

The evidence certainly is strong, if not completely conclusive, that the 
Capitan magnetite deposits are to be classed as pyrometasomatic. This con- 
clusion may be drawn not only on the evidence of close association and simul- 
taneous textural relations between magnetite and the silicates, but also upon 
the general relations in the zones that suggest temperature rather than time 
as the control in the formation of the deposit. Wherever in “contact” de- 
posits magnetite clearly replaces the silicates and is hence later in origin, it 
cannot be certainly known that the iron ore is pyrometasomatic. Under such 
conditions it may be even mesothermal in origin. 
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Finally, the rather nice development of zoning in the relatiyely open ground 
of the collapse structure may justify the observation that, in general, zoning 
in mineral deposits develops best in rock that is thoroughly traversed by inter- 
connected openings. Some of the best examples of zoning in ore deposits 
occur in highly shattered and fractured ground around cupolas (5, p. 347). 
In open ground fluids and heat may be more readily arranged into a zonal 
distribution than in tight ground. 


DEPARTMENT OF GEOLOGY, 
University oF NEw Mexico, 
ALBUQUERQUE, N. MeEx., 
July 12, 1951. 
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DEVELOPMENT OF WATER RESOURCES IN ALGERIA, 
WITH PARTICULAR REFERENCE TO THE 
CHOTT CHERGUI PROJECT. 


H. W. UNDERHILL. 


FOREWORD. 
FRANK DEBENHAM. 


In semi-arid regions all over the world the two major problems for the water 
engineer are how to prevent the sudden storms of the rainy season from sweeping 
away his dams and barrages, and how to conserve what water he does hold from 
being evaporated before he can use it. In some regions there is the additional prob- 
lem of preventing the water saved from being spoiled by becoming salt. 

The French engineers have been wrestling with these problems in North Africa 
for many years. Certain new developments there claim the attention of the geog- 
rapher as well as of the hydraulic specialist. The Chott Chergui scheme in par- 
ticular must excite admiration both for its magnitude and its originality. To re- 
trieve water from under a salt basin before it has become contaminated, to pump it 
over a mountain range for irrigation far below, and to extract power from it before 
it is so used are projects which are as interesting as they are important. Water 
resources in Africa are being studied with increasing care in these days of world 
shortages of food, and the French are certainly experimenting with vigor in their 
section of North Africa. 


INTRODUCTION. 


Algeria has a total area of 847,000 square miles, of which 767,000 square 
miles are desert—the Territoires du Sud. The northern part of the country, 
with an area of 80,000 square miles, the size of England and Scotland (with- 
out Wales) is regarded as part of Metropolitan France, and is divided into 
the three Departments of Algiers, Oran, and Constantine. 

Structurally, northern Algeria is part of the Atlas chain, and the Terri- 
toires du Sud are part of the ancient stable platform of the Sahara. In Mo- 
rocco, the Atlas form a higher and more massive chain, but in Algeria they 
divide into two ranges, the coastal or Tell Atlas, and the Saharan Atlas (Fig. 
1) between which lies the relatively stable block of the High Plains, an area 
of internal drainage. Further East the High Plains disappear and the ranges 
become broken and confused. 

The Tell Atlas, rising to over 7,000 feet in places, has a bolder relief than 
the Saharan Atlas. Consisting largely of clays and shales, it has been deeply 
dissected. In contrast, the Saharan Atlas is a discontinuous range of hills, 
in outline much like the chalk downs of southern England. 

The Tell Atlas has a Mediterranean climate; the winters are wet, and the 
summers hot and dry. The mean annual rainfall is about 28 inches, rising to 
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70 inches on the highest ranges. However, this considerable winter rainfall 
is largely offset by the long dry summers, when evaporation is of the order 
of 40 inches. Thus irrigation is required for intensive cultivation, even in 
the coastal plains. 

The valleys in the Tell that are separated from the sea by mountains, have 
a continental climate. For instance at Orleansville in the Chélif valley, only 
25 miles from the sea, the first winter frosts occur in October or early No- 
vember, and may continue until May or even June; and summer temperatures 
of over 113 F have been recorded (1, p. 11). 

The coastal plains and the fertile valleys of the Tell are closely cultivated. 
Where irrigation is possible cash crops and fruit trees are grown; where it is 
not, wheat is the staple crop. The high guaranteed price for cotton, of which 
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Fic. 1. Index sketch map of Algeria. 


there was a serious shortage in France during the war, has encouraged the 
spread of this crop, but it is unlikely to become of great importance in Algeria, 
as the areas with a suitable climate are small. The mountains are covered to 
a great extent with fine forests, especially of Aleppo pines, cedars and oaks 
(including the cork oak, of considerable commercial value), but deforestation 
by both the natives and the French colonists is causing bad-land topography 
to appear in some places. The work of soil conservation is being taken very 
seriously, though the areas requiring attention are so large that it will take 
many years before the situation can be brought under control. 

The High Plains, arid and desolate, sloping gently from a height 3,000 feet, 


1 Numbers in parentheses refer to Bibliography at end of paper. 
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in western Algeria to 1,500 feet in the east, receive a mean annual rainfall of 
8 to 12 inches, decreasing from west to east. More important than the scar- 
city of the rainfall is its irregularity. For instance at Djelfa the annual rain- 
fall may vary from less than a third to two and a half times the average (1, 
p. 19). This irregularity is reflected in the runoff figures for the Chélif at 
Ghrib. The average run-off is 69,000 acre ft a year. In some years the 
run-off has been less than 32,000 acre ft, but in January 1931 it was 43,000 
acre ft for a single week (2). In addition the rain usually falls in cloud- 
bursts, which may be of considerable intensity, and tends to increase evapora- 
tion. The potential evaporation is from five to ten times the rainfall. The 
High Plains are semi-desert. 

The characteristic vegetation of the High Plains consists of clumps of 
coarse grass separated by bare sand or gravel. One of the commonest grasses 
is alpha,” used by the natives for making ropes and sandals, and, when cleaned, 
carpets and cloth. Alpha also has great commercial value for making high 
grade paper. Before the war 90 percent of the crop was exported, most of it 
to Britain (3, p. 445) ; processing plants are now being built in Algeria. 

The rainfall on the Saharan Atlas is slightly higher than on the High 
Plains, though in only a few places does it exceed 16 inches. The hilltops are 
once again wooded, but the open valleys are almost as dry as the High Plains, 
and the vegetation in them is equally meagre. 

In the absence of mineral wealth of any great importance (though a small 
amount of iron ore is mined), the resources of Algeria lie chiefly in agriculture 
and livestock. The development of both is hindered by the same obstacle— 
lack of water. Over great areas the rainfall is inadequate, and even where it 
is high the summers are too dry for the maximum development of agriculture. 
The efforts being made to overcome this obstacle fall into three main groups: 


1. “La Grande Hydraulique,” the building of large reservoirs in the Tell 
Atlas. 

2. The provision of wells on the High Plains. 

3. Irrigation in arid areas by the spreading of floods—‘‘La Petite Hydrau- 
lique.” 


The first two provide examples of work well known in other countries, and 
will therefore be considered only briefly. The third group is probably less 
known, and will be described at greater length. Two other recent develop- 
ments which do not fall easily into any of the above groups will also be con- 
sidered, namely : 


4. A sub-sand dam. 
5. The Chott Chergui Project. 
“LA GRANDE HYDRAULIQUE,” THE LARGE RESERVOIRS OF THE TELL ATLAS. 


The coastal plains and the valleys of the Tell have rich soils and a climate 
generally favorable to intensive cultivation. Vegetables are grown on a large 


2“Stipa tena-cissima,” often known as esparto grass. 
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scale, and, being ready several weeks before those of Europe, form one of the 
more valuable exports. However, for the intensive development of this cul- 
ture, as also for fruit trees and cattle fodder, irrigation is necessary during the 
summer. The Tell Atlas provides a plentiful run-off in winter. The prob- 
lem is, therefore, one of conserving this water for summer irrigation. 

Ten large dams have been built, forming reservoirs with capacities ranging 
from 180 million to 10,000 million cu ft (4). The water is sold to the users 
on the basis of volume supplied, with an additional charge according to the 
user’s capacity (the maximum flow which he could draw off). These charges 
only meet the cost of the distribution of the water. It is estimated that the 
capital outlay on the dam itself is recovered in twenty-five years through the 
normal taxes; such is the increase in the prosperity of the region. One dis- 
advantage of large reservoirs is the great area exposed to evaporation. Vari- 
ous ways of reducing this loss have been considered, for example by cultivating 
a type of water lily, or by spreading a thin film of oil or wax over the surface. 
But it was decided that the reduction in evaporation would not have justified 
the high cost, and also oils or wax on the surface would kill the fish, which at 
present form a welcome addition to the native’s diet. 


THE PROVISION OF WELLS ON THE HIGH PLAINS. 


The rainfall over the High Plains, with the exception of the northern 
fringe, is too small for agriculture. However, the coarse grasses provide good 
forage for large flocks of sheep. The High Plains have, indeed, been likened 
to the great sheep rearing areas of Argentine, Australia, and New Zealand. 
The sheep population is at present limited by the scarcity of water points. In 
a year of severe drought the flocks may be reduced by up to 75 percent. The 
provision of new and better water points is, therefore, of the first importance. 
Three hundred and fifty new wells will be needed in the Department of Oran 
alone (5, p. 48). Together with this work, steps are being taken to improve 
the quality of the flocks by the introduction of new strains, selective breeding, 
and compulsory treatment against disease. In this way it is hoped to re- 
establish mutton and wool as leading exports. 


IRRIGATION IN ARID AREAS BY THE SPREADING OF FLOODS; 
“LA PETITE HYDRAULIQUE.” 


“Even in very dry areas, if it is possible to spread over the land an autumn 
flood to permit ploughing and sowing, and a flood at the end of winter, the 
cereal harvest is assured” (6, p. 14). This type of irrigation is by no means 
new. Modern engineering techniques have, however, given a greater value 
and a new importance to this ancient practice. 

A barrage is built across the wadi, and a canal dug to convey the water to 
the area to be cultivated. The best example is that of El Fatah (6, pp. 51- 
58), on the Wadi Mzi near Laghouat (Fig. 2). The Mzi rises in a part of 
the Saharan Atlas where the mean annual rainfall is about 14 inches, much of 
which occurs in heavy storms, resulting in sudden floods in the Mzi. The 
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first autumn floods are particularly valuable, since they bring down a rich 
humus consisting of the manure of the great flocks of sheep and camels that 
live in the Mzi basin. The largest recorded flood, which destroyed the ancient 
barrage in 1924, was of 210,000 cusecs, and was the result of a storm which 
precipitated 1.7 inches in two hours. 

Barrages of this type present peculiar engineering problems. If, as is 
usual, the wadi is entrenched in sand, a flood will tend to cut a new channel 
around any obstacle in its path. Also the sandy floor of a wadi is a poor 
foundation upon which to build. Unless there is an outcrop of relatively 





Fic. 2. The Barrage of El Fatah on the Mzi, near Laghouat, a few days after 
a big flood (42,000 cusecs), from a nearby ridge. The scale is given by the jeep 
in the foreground. Note the scour hole of Figure 4, to the left of the photograph, 
and the groynes below the barrage. 

Fic. 3. A smaller “barrage d’épandage,’ 


near Boghari. 


hard rock not far below the surface, a rigid structure of masonry or concrete 
is certain to be undermined. Yet whatever material is used, the barrage must 
be able to withstand the shock of a sudden flood.’ After experiments with 
different materials the best was found to be “gabions,” or stones encased in 
heavy wire netting with the larger stones around the outside, to form blocks 
of about three feet cube. The blocks are not joined together or anchored in 
any way; they are held in position by their weight. The advantage of this 
material is that it is supple, and will accommodate itself to any shifting in the 
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sand of the wadi bed (Fig. 4). If, after some years, a barrage-of this material 
appears to have settled itself into a relatively stable position, it would probably 
be given a concrete cover, and thus made more permanent. The barrage of 
El Fatah was the first to be built of “gabions,” and was, therefore, to some 
extent experimental. It had to be repaired or altered seven times between 
its completion, in 1943, and 1947. 

Below Laghouat, the Mzi crosses an open plain, merging into the desert 
proper to the south, and bounded on the north by the foothills of the Saharan 
Atlas. The course of the Mzi is very wide, and commonly divides into two 
or more channels. The only place where a barrage could be built is near a 
steep limestone ridge, some 150 feet high, which rises out of the sand. The 
Mzi flows by the foot of this ridge, to which the left flank of the barrage is 
anchored. The barrage itself is about 400 yards long, the right flank resting 
on a series of sand dunes. An apron of “gabions” has been spread for about 
30 yards downstream of the barrage, to protect it from being undermined. It 
was interesting to see, after a big flood, how effectively this apron had pre- 
vented the spread of a scour hole some 14 feet deep (Fig. 4). The crest has 
been planted with reeds in the hope that this would afford it some protection. 
One result has been a great increase in the turbulence of the floods as they 
flow over the barrage. A section is, therefore, going to be cleared of reeds, 
so that their effect may be the better judged. Between 70 and 90 percent of 
the flood water is diverted into the irrigation canal, according to the size of 
the flood. The irrigable area covers 12,500 acres, and the cost of the barrage 
to date is of the order of £200,000. 

El Fatah is perhaps the most spectacular example of a “barrage d’épan- 
dage,”’ but others are being built, both in the Sahara and the High Plains. 
One of the latter, near Boghari (Fig. 3) is on a smaller scale than El Fatah. 
The irrigation canal has a capacity of 70 cusecs, though the floods in the wadi 
may be up to 3,500 cusecs. The irrigable area is perhaps 250 acres. The 
cost of this barrage is about £800. 


A SUB-SAND DAM. 


The southern slopes of the Saharan Atlas consist to a great extent of Albian 
sandstones, in places as much as 5,000 feet thick (5, p. 18), overlain by im- 
pervious Cenomanian marls. These sandstones dip under the Sahara to form 
an artesian basin whose importance is only now being realized. 

At the foot of the Saharan Atlas, north-west of Laghouat, the Albian sand- 
stones rise to the surface in a small anticline before plunging beneath the Sa- 
hara. The outcrop is marked by a spring line. The sub-sand dam of Tadje- 
mout (7, pp. 7-21; Figs. 5, 6) has been built where the Wadi Mzi crosses 
this outcrop, so that it intercepts not only the water seeping down the wadi 
bed, but also that provided by the springs. 

The dam which looks more like a causeway than a dam of the conven- 
tional type, is about 330 yards long, 16 feet wide and 20 feet high. The bot- 
tom rests on the Albian sandstone and the top rises a foot or two above the 
wadi bed. The upstream face is honeycombed with holes about 3 inches in 
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Fic. 6. 
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diameter. After careful research it was decided that the water would have 
to be filtered to prevent sedimentation in the conduits. The centre of the dam 
is, therefore, divided into sixty-nine cells, each of which contains two filters, 
consisting of coarsely and finely graded sand. Each cell has a trap door at 
the top, which can be opened to admit water when the wadi is flowing (Fig. 
6). The filters communicate with a conduit, which runs the length of the 
dam and then turns off towards the irrigated area, 3 miles away. A steady 
flow of between 14 and 28 cusecs is expected, which will be sufficient, not only 
for the gardens and flocks of Tadjemout, but also for an experimental farm 
being developed in the desert nearby. The cost of the dam, which has just 
been completed, was about £350,000. 


THE CHOTT CHERGUI PROJECT. 


The monotonous and desolate wastes of the High Plains are divided into 
a number of closed drainage basins. The only major exception is that of the 
Nahr Ouassel and Wadi Touil, which has been captured by the Chélif com- 
paratively recently (8, p. 73). In the closed basins the lowest part is occupied 
by a “chott’”—a salt lake, or marsh. 

The largest of the High Plains chotts is the Chergui, in western Algeria. 
The drainage basin has an area of 15,000 square miles (the size of Switzer- 
land), and the area of the Chott itself is about 770 square miles (the size of 
an English county). 

The Chott is an impressive sight, but in a negative sense, for its charac- 
teristic is emptiness. The rough stony ground slopes gently downwards, 
ending in low cliffs a few feet high. From here a flat, white surface stretches 
away with unbroken monotony, except perhaps for a derrrick over a bore, or 
the black dots of two distant evaporation frames, that would look more at 
home over cucumbers in a walled garden than lost in this dead waste. 

On closer inspection the Chott surface is seen to be of brown mud, thinly 
covered with fine white salt crystals. Even at the height of summer the sur- 
face is soft; it is safe to walk over, but a jeep may run into trouble. In winter 
it is covered with water after heavy storms, and is dangerous to man and 
vehicle, except where netting strips have been laid. 

Until 1944 this region had not been closely studied. It had been visited 
by a few geologists, who had reported springs around the Chott, but little was 
known of its hydrology. In the spring of 1944 a business concern visited, at 
the suggestion.of the hydraulic service, the spring of Ain Skrouna to see if a 
plant for processing alpha could be installed there. Although sufficient water 
could be obtained, and Ain Skrouna is in the heart of the alpha country, the 
project was abandoned for two main reasons: that the water contained too 








Fic. 4. The apron of “gabions” below the barrage of El Fatah. Note how it 
has prevented the scour hole from eating back. 

Fic. 5. The sub-sand dam of Tadjemout on the Mzi. General view after a 
flood of 42,000 cusecs. 

Fic. 6. The center part of the Tadjemout dam, showing the last of the flood 
waters being collected through the “trap doors.” 











92 H. W. UNDERHILL. 


much material in suspension; and that the climate and remoteness of the site 
made living conditions impossible for Europeans (9, p. 19). The hydraulic 
service, however, decided that the Chott might have possibilities. Accord- 
ingly the area was reconnoitred that summer, and the following facts came to 
light: (1) The water table is only one to two feet below th surface of the 
Chott. (2) This water is very salty. (3) The spring of Ain Skrouna, on a 
small island, is 13 feet higher than the surface of the Chott, suggesting artesian 
pressure. (4) The water from the three main springs, which are some miles 





Fic. 7. An artesian bore in the Chott Chergui. (Courtesy of the Service 
de la Colonisation et de l’Hydraulique, Algiers. ) 


apart, is similar in temperature and chemical analysis, and is, moreover, fresh. 
(5) The total flow from all the springs is only about 35 cusecs. (6) The 
basin lies in highly permeable rocks, fissured limestone to the north and Albian 
sandstone to the south. The annual rainfall over the basin was known to be 
about 12 inches. Assuming an infiltration coefficient of 5 percent, the quan- 


8 Other observations supporting the idea that the Chott waters are supplied by artesian 
sources were the uniform salinity of the surface water table over the whole Chott, and the 
absence of alluvial cones at the mouths of the wadis. If the Chott waters were due to surface 
run-off, one might expect both variations in salinity and alluvial cones. The lack of run-off 
seems to be due partly to the lack of relief and partly to the porous nature of the basin. 

















DEVELOPMENT OF WATER RESOURCES IN ALGERIA. 93 


tity of water infiltrating annually was, therefore, 20,000 miliion cu ft. On the 
basis of these facts and estimates, the following hypothesis was put forward 
(8, p. 15). “The Chott basin has an enormous water storage capacity, and 
receives annually about 20,000 million cu ft. Only about “oth of this annual 
supply flows from springs; the remainder filters up through the Chott to be 
evaporated at the surface. The annual evaporation from the Chott must, 
therefore, be of the order of 12 inches.” * It was then suggested that if this 
hypothesis were true, some of the vast quantity of water lost each year through 
evaporation might be captured below the surface and turned to better account. 

Accordingly an experimental station was set up at Ain Skrouna to inves- 
tigate the hydrology of the Chott. This site was chosen as being the most 
accessible, and also as providing fresh water. Even so the difficulties were 
considerable. The nearest towns, Saida and Martimprey, are sixty miles 
away, and there were no tracks worthy of the name. Even now the tracks 
are uncomfortably rough, and may become impassable after bad weather. 
However, the “‘village” of Ain Skrouna has grown, and now includes a number 
of attractive bungalows, a “hotel” or guest house, and huts for the workers, 
as well as offices, stores, and a repair shop for vehicles and equipment. The 
engineers have their wives and families with them. A landing strip has been 
Sg ie and the journey to Algiers can be made in an hour and a half by 

; by road it takes eight hours. The only communication with the outside 
Ww wand | is by wireless. 

The first thing to do was to check the basic hypothesis. To do this it was 
necessary to determine as accurately as possible: 


1. The mean annual rainfall. 

2. Whether there was any underground leakage from the basin, 

3. The infiltration coefficient. 

4. The direction, and if possible the speed, of the water movement in the 


Chott. 
5. The annual evaporation. 


The local engineers freely admit that often it is impossible to get results of 
the desired accuracy. Nevertheless none of the results that have been ob- 
tained appears to threaten the basic hypothesis. 

The Mean Annual Rainfall—This was found to be 11 inches. 

Underground Leakage-—There was a possibility of flow towards the 
coastal plain to the north. To the south the basin appeared to be sealed by 
beds of marl. The general dip of the rocks being gently eastwards, any move- 
ment of underground water at the west end of the basin would be inwards 
rather than outwards. To the east some leakage was expected. To obtain 
more precise information, bores were sunk to the artesian strata to the north, 
south and east of the Chott. In every case the artesian, or piezometric, level 
was higher than that of the bores of the Chott, thus everywhere sloping in- 
wards, implying that there was no serious underground leakage. 





4 This figure excludes rain falling on the Chott itself, all of which is evaporated. 
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Measurement of the Infiltration Coefficient —It was clear that the springs 
were fed by artesian water, and therefore that there must be a certain amount 
of infiltration around the basin; but the coefficient of infiltration was thought 
to be low. However, an air reconnaissance revealed that the northern border- 
land of the Chott was pitted by innumerable “dayas.” A “dayas” is a shallow, 
roughly circular depression, anything from a few yards to a mile or two across. 
They are so shallow that they would remain unnoticed were it not that they 
support a slightly more abundant vegetation. Even so, they do not appear 
very striking from the ground, but they show up well from the air. These 
dayas have transformed the northern part of the basin into a giant colander. 
After storms they fill with water, which then percolates slowly into the ground. 

In the summer of 1948 an experiment to determine the coefficient of in- 
filtration in this zone was undertaken in one of the dayas north of Ain Skrouna 
(8, pp. 90-93). After a storm the volume of water collected was measured. 
The rainfall was known from three gauges around the daya. The only thing 
that was not known with sufficient accuracy, owing to the flatness of the coun- 
try, was the area drained. A maximum (i) and a minimum (ii) were there- 
fore taken. The effectively drained area would be nearer the latter. Evapo- 
ration from the free water in the daya was measured by an evaporation pan. 

The experiment showed that the run-off coefficient of the area drained by 
the daya was 5.5 percent (i) or 14 percent (ii) according to which area was 
taken. Of the water thus ponded, 13 percent evaporated, the remainder in- 
filtrating. Thus the minimum coefficient of infiltration must lie between 5 (i) 
and 12 percent (ii), and is probably nearer the latter. This leaves out of 
account the water that does not run off in the first place—94.5 percent (i) or 
86 percent (ii) of the rainfall—and some of this water must infiltrate. So 
the above estimate is extremely cautious. 

It was reckoned that the coefficient of infiltration over three quarters of 
the Chott basin would be equal to or greater than that of the daya zone. A 
rainfall of 11 inches over this area would give an annual infiltration of 14,500 
million cu ft (i) or 35,000 million cu ft (ii) according to which coefficient is 
taken. Thus, the original hypothesis is not invalidated on this score. 

Direction and Speed of the Water Movement in the Chott——The most 
obvious way of measuring this was by using dyes. But this method has had 
little success so far. The speed of ascent is very slow, and in the several 
months necessary for the experiment the dye is filtered out by the compact 
soil. However, such results as have been obtained are compatible with the 
basic hypothesis. A new technique is now being tried, and promises better 
results. 

Measurement of Evaporation (8, pp. 81-90).—This was the most vital 
factor to be determined, since it was precisely the water lost through evapora- 
tion which it was hoped to capture. 

Three methods of measuring the evaporation were considered : 


(1) By the humidity gradient. 
(2) By the water content of the air reaching and leaving the Chott. 
(3) By direct measurement over the surface of the Chott. 
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Fic. 8. The edge of the Chott near Ain Skrouna, showing the netting strips 
laid for vehicles, and the tower for measuring the water content of the air at dif- 
ferent heights. 


The first method is based on a formula for which the humidity gradient 
must be known. A tower (Fig. 8) was erected beside the Chott to permit 
the measurement of the water content of the air at 5, 21, 38, and 56 feet, above 
the ground. But these measurements are of little value unless the air is 
motionless. This is seldom the case, since the Chott lies on a flat open plateau 
subject to strong and persistent winds. The results obtained by this method 
were not, therefore, of much value. 





Fic. 9. Evaporation frames on the Chott. (Courtesy of the Service de la 
Colonisation et de l’Hydraulique, Algiers.) 
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Fic. 10. (Courtesy of the Service de la Colonisation et de l’Hydraulique, Algiers.) 


The second method, though simple in theory, proved equally impracticable. 
The theory is that the evaporation is given by the difference between the water 
content of the winds blowing off and on to the Chott. To find these accu- 
rately, stations equipped with towers would have to be set up all round the 
Chott. This alone would be an expensive undertaking, and the results would 
probably be disappointing on account of turbulence in the air. 
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The third method gave reasonable results, in spite of many difficulties. As 
a rough guide the evaporation from a free water surface was obtained with a 
Colorado pan. The corresponding evaporation for a large open surface was 
found to be 62 inches a year. But the Chott is covered with water for only 
a few days in the year—and then in winter when evaporation is lowest—fol- 
lowing the heavier rain storms. The figure required was for the evaporation 
from the water table fed from the artesian strata below. After many trials the 
following method was found to be the best. A metal box, with no bottom and 
with an inclined glass roof (looking very much like a cucumber frame) was 
placed on the Chott (Fig. 9). The water evaporated under the frame con- 
densed on the glass roof, and was fed into a bottle (Fig. 10). The area of 
the frame was known, and thus the evaporation per unit area could be 
obtained. 

To find the coefficient K relating the evaporation under a frame to that in 
the open, a number of specimens of the Chott were obtained in rectangular 
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Fic. 11. Samples being removed from the Chott for evaporation tests. (Courtesy 
of the Service de la Colonisation et de l’Hydraulique, Algiers.) 
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steel containers of 1 sq m cross section, and 2 m deep. To disturb the sample 
as little as possible, the containers were driven into the Chott until their tops 
were level with the surface, and were then dug out complete (Fig. 11). 
Tanks were fitted above the containers and filters placed below the samples. 
They were then set in the ground in pairs, one covered by a frame and the 
other left open (Fig. 12). The amount of water leaving the tank could be 
measured in each case, as could the evaporation under the frame. The coeffi- 
cient K, determined by this method in 1949, was found to vary from 4.5 in 
the spring to 3.1 in the summer. Results for autumn and winter have not 
yet been published. Frames placed on the Chott showed that evaporation 
does vary from place to place, but that the variations are relatively small. 
The following results were obtained for evaporation from the open Chott 
(K applied) in “%ooths inch per day: 
1949 January 
February 
March 
April 
May 
June 


July 
August 
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The abrupt fall in the evaporation after May was surprising. If it were 
due solely to the fall of the water table, supply would equal evaporation only 
when the water table was steady—in the autumn when evaporation was about 
.01 inch per day. Thus the supply from the artesian source would be about 
.01 inch a day, or 4 inches a year. At first this was accepted, and it was 
thought that the remainder of the water evaporated from the Chott was fed 
from the superficial water tables of the immediately surrounding areas, which 
would be highest after the winter rains.. This does happen to some extent, 
but the main reason now appears to be concerned with the chemistry of the 
salts (10, p. 10). The winter rains dilute the salt water table and there is 
little crystallization. In summer the rate of salt deposition is high, and as 
water is absorbed in the process of crystallization, much of the artesian water 
is used up in this way. This water is released when the crystals are dis- 
solved by winter rain, and later evaporates, but since this does not take place 
under the frames, it is not included in the monthly evaporation figure. 

The original hypothesis being thus verified as far as possible, the next 
stage was to see if water could in fact be obtained in large quantities from 
the Chott. 

A number of bores were sunk to the artesian strata near Ain Skrouna. 
They flowed freely at the surface, the largest giving 14 cusecs. Except for 
some unavoidable interruptions, they were allowed to flow freely for eleven 
weeks. The average flow over this period was just under 14 cusecs. At the 
end the artesian level in other bores between 21% and 4 miles away—normally 
about 22 feet above the Chott surface—had fallen 4 feet in each case (8, p. 
107). This result, from bores comparatively small and close together, sug- 
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gests that water could be drawn from the Chott in considerable quantities. 
If so, to what use could it be put? 

The High Plains would have first right to the water. To equip with water 
points some 6,000 square miles, enough for 1 million or 144 million sheep, 
would take at the most 15 to 20 cusecs (8, p. 128). The rest of the water 
could be fed to the coastal plain, a hundred miles to the north. The inter- 
vening hills are not high, and either the water could be pumped over, or a 
tunnel could be driven through. The decision will depend partly on the flow 
that can be obtained, and partly on the cost of a tunnel (which is affected by 
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the geological structure). In the coastal plain are some 200,000 acres of good 
land waiting for irrigation, and another 50,000 to 75,000 acres of saline land 
that could be irrigated after draining. 

The usable head of over 2,300 ft between the Chott and the coastal plain 
would be sufficient, with a flow of 460 cusecs, to produce 400 million kwh of 
hydro-electricity annually. This is an important factor, since the total elec- 
tricity production of Algeria was only 460 million kwh in 1948. The cost of 
such a scheme, including the hydro-electric equipment and the irrigation 
works, is estimated at 55,000 million francs, or about £55 million. A pilot 
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project will be undertaken first, with a capacity of 140 cusecs, and capable of 
producing 187.5 million kwh a year, of which 60 million kwh will be used by 
the pumps at the Chott. The cost of this project, which is already under way, 
will be about £15 million, including the hydro-electric stations, but excluding 
irrigation works. 

The hydro-electric stations and irrigated areas fed from the Chott will have 
one advantage over most other such installations, in that with so vast a natural 
reservoir the flow can be guaranteed. With the intakes 150 to 300 feet below 
the level of the Chott, there is an enormous quantity of water which will have 
to be drawn off if evaporation from the Chott is to be prevented. One esti- 
mate (10, p. 14) puts this “capital” at 80 million acre feet (two thousand times 
the capacity of Lake Vrnwy) ® or enough to double the normal flow from the 
Chott for acentury. It is believed that eventually it may be possible to obtain 
a flow of 700 cusecs, or perhaps even 1,000 cusecs (10, p. 14). The magni- 
tude of the project will be better appreciated when it is realized that this is 
equivalent to pumping all the water of the Thames at London in summer over 
a range of hills 300 feet high, to irrigate a fertile plain 3,500 feet below. 
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SCIENTIFIC COMMUNICATIONS 


A NEW DIAGRAMMATIC SCHEME FOR PARAGENETIC 
RELATIONS OF THE ORE MINERALS. 


ABSTRACT. 

The ore minerals are arranged on the circumference of a circle and 
represented by points. Lines connect each pair of minerals which are 
observed to be in contact. An arrowhead points toward the mineral re- 
placed where replacement textures are represented. The absence of ar- 
rows indicates simultaneous deposition. Minerals formed by exsolution are 
attached to the primary mineral by a line to the exsolution mineral point, 
which is outside the hypogene ore mineral circle. Supergene minerals are 
arranged on an outer arc and connected by lines to the hypogene minerals 
which -are replaced. The density of the connecting lines in the diagram 
indicates semiquantitatively the relative replaceability of the host minerals. 


INTRODUCTION, 


Although the line diagrams, which are commonly employed to show para- 
genetic relations, are satisfactory for the general sequence of mineral forma- 
tion, they often fail to indicate significant details of mineral interrelationships 
and likewise tend to imply, by oversimplification, relations not known to exist. 
Obscure and indefinite relations appear to be as distinct and positive as all 
other mineral relationships. The diagrams are generally accepted by the 
profession with these limitations in mind and for want of a better method of 
diagrammatic representation. 

A distinctly different graphic method of presentation of data pertaining to 
ore mineral relations, revealed by textural interpretations, is herein suggested. 
This type of diagram, shown in Figures 1 and 2, is remarkably simple. It 
was first employed (so far as we know) by the junior author in a report on 
the paragenesis of a suite of ores which he investigated in a laboratory course 
in economic geology. Once the general scheme is understood, the diagrams 
are largely self-explanatory. 


CHARACTERISTICS OF THE DIAGRAMS, 


Points which represent the minerals recognized in an ore suite are ar- 
ranged in any convenient pattern so that lines may connect all pairs of points, 
the circumference of a circle being a satisfactory reference. The textural 
relations observed in polished surfaces of ores are represented by connecting 
each pair of minerals found to be in contact. The precise relationships are 
indicated by arrows or descriptive phrases, noted herein and explained. 

Replacement Textures—In the case of replacement textures, the head of 
an arrow points toward the mineral which has been partially replaced. For 
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example, Figure 1, which is a paragenetic diagram of the mineral relations of 
the ore minerals in the Zosell (Emery) mining district of Montana, shows 
sphalerite to have replaced arsenopyrite. The line connecting the two min- 
erals shows that they are found in contact with each other ; the arrow pointing 
to the arsenopyrite indicates that the arsenopyrite has been replaced, to some 
extent, by sphalerite. Similarly, boulangerite was observed to have replaced 
arsenopyrite, pyrite, sphalerite, and tetrahedrite. Lines connect each of these 
minerals with boulangerite, and in each case an arrow indicates the mineral 
replaced. However, boulangerite reveals a distinct preference for sphalerite. 
An especially heavy line between boulangerite and sphalerite indicates, in a 
semiquantitative way, that the replacement textures are more abundant and 
pronounced in this case than they are between boulangerite and pyrite, or 
between boulangerite and arsenopyrite. On the other hand, boulangerite re- 
places tetrahedrite with facility.. A line of intermediate density points to a 
replaceability relation intermediate between that of sphalerite and pyrite or 
arsenopyrite. Thus, the width of the line indicates, in a semiquantitative 
manner, the differential replacement tendencies noted between the various 
pairs of minerals. 

Inconclusive replacement textures between minerals which are rarely found 
to be in contact may be indicated by dashed lines, illustrated in Figure 1 
between chalcopyrite and arsenopyrite. 

If conflicting evidence of replacement textures is encountered, which is so 
often the case in the textures exhibited by the copper-iron-sulphur minerals 
(chalcopyrite, bornite, chalcocite, etc.), the use of double-pointed arrows will 
tend to emphasize the inconclusive nature of the relations, and to illustrate the 
evidence of the conflicting criteria. The line diagrams tend to minimize such 
inconclusive evidence, and therefore to present an apparently conclusive rela- 
tionship which may not always be justified. Conversely, only the actually 
observed relations are shown on the new diagrams, and the relations shown 
are presented as they are found. 

Simultaneous Deposition—Simultaneous deposition may be indicated by 
a line without any arrowhead connecting the two minerals. The word 
“simultaneous” written on the line instantly conveys the precise idea to the 
reader, as in Figure 2 between pyrite and arsenopyrite. In many instances, 
however, there is a local tendency toward a replacement relation, in which 
case an arrow on a line marked “simultaneous” would indicate the tendency, 
locally encountered. Graphic textures produced by simultaneous deposition 
would be indicated without the use of arrows. Generally, there would be 
room on a diagram to add the descriptive phrase “graphic intergrowth” or 
some other suitable descriptive term, which will clarify the relationship and 
leave the reader in no doubt about the nature of the texture observed. 

Exsolution—tThe role of exsolution is easily handled by a separate mineral 
location outside of the circle of the essential primary hypogene minerals, as 
shown in Figure 1. In this instance, chalcopyrite occurs in the form of ex- 
solution blebs in sphalerite. Galena is shown to replace the sphalerite, as 
well as some of the exsolution blebs of chalcopyrite. A preferential replace- 
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ment by galena in favor of sphalerite is indicated by the different densities of 
the lines connecting galena with sphalerite and galena with chalcopyrite. 
The preferential replacement tendency seems to indicate that galena formed 
at a temperature below the exsolution temperature of the sphalerite, and that 
the chalcopyrite had already exsolved prior to the crystallization of the galena. 

Sequence of Hypogene Deposition—Although any arrangement of points 
may be made on the circle and the order of formation deduced from the tex- 
tures, a systematic arrangement in order of crystallization, clockwise, clearly 
discloses the sequence. Solitary minerals, such as millerite in Figure 2, may 
be fitted into the best probable position. In this case, a late stage for the 
millerite is indicated. 

Supergene Minerals ——Supergene minerals may be conveniently shown on 
a separate arc outside the hypogene suit, and so labeled, as in Figure 2, The 
hypogene minerals which are replaced by supergene minerals are connected 
by lines in the manner already discussed. The hypogene minerals most easily 
replaced may be indicated by dense lines; whereas sparsely replaced minerals 
are connected by light lines, as outlined above. 


ADVANTAGES AND MODIFICATIONS. 

The obvious advantages of this type of diagram are at once apparent. 
These include the precise details regarding the relations between each pair 
of minerals; the semiquantitative replaceability relations; the due recognition 
of inconclusive relationships ; and the honest statement (graphically) of what 
is actually observed. An advantage, one not necessarily at once obvious, is 
that the preparation of this type of figure places a responsibility on the in- 
vestigator to make a thorough examination to determine all of the mineral 
relationships observable. It likewise permits the observer to place all of the 
information upon the diagram. Actually, this type of representation can 
rarely be compiled, in any detail, from ptiblished literature, because so com- 
monly the details of the paragenetic relationships are not stressed nor are all 
of the relations indicated in the descriptions of the minerals. 

One disadvantage is the size of the diagram, which, in most instances, will 
be greater than the space occupied by a paragenetic line diagram. The 
spiderweb pattern may be somewhat more confusing, but the order of crystal- 
lization is as simply read as in the line diagrams if a consistent clockwise 
arrangement is adhered to. 

A number of modifications to fit specific needs have occurred to the 
writers. For example, the relative abundance of the minerals may be shown 
by circles of different diameters substituted for the mineral points on the 
circle. Additional modifications will undoubtedly suggest themselves to any- 
one who may feel that the diagrams have merit and who may wish to show 
the relations between the ore minerals in this manner. 

The diagram constitutes a graphic picture of the relationships noted. It 
is a paragenetic picture of the facts from which conclusions may be deduced. 
For this reason, it is most helpful to compile a preliminary diagram while an 
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investigation is in progress. It is not quite so simple as the-line diagram, but 
details are not omitted by oversimplification. 


Forses RoBERTSON AND PAUL L. VANDEVEER. 


DEPARTMENT OF GEOLOGY, 
MoNTANA SCHOOL OF MINEs, 
3uTTE, MONTANA, 
AND 
Bossier City, Louisiana, 
October 16, 1951. 


NATIONAL SCIENCE FOUNDATION APPROPRIATION 
PERMITS SCIENCE RESEARCH SUPPORT AND 
TRAINING PROGRAMS TO BEGIN. 


The $3,500,000 appropriation for the National Science Foundation in the 
Supplementary Appropriation Act of 1952, signed by the President recently 
will enable the Foundation to start immediately on its two major operating 
programs: support of basic research in the sciences and training of scientific 
manpower. Up until now the Foundation has been concerned primarily with 
planning and with the problems of organization and staffing prior to beginning 
its operating program. 

The reduction in the appropriation from the President’s budget request 
of $14,000,000 for fiscal 1952 has required material scaling down and adjust- 
ment of the program originally presented to the Congress. According to Dr. 
Alan T. Waterman, director of the Foundation, approximately $1,500,000 of 
the available funds will be allocated for the support of basic research in 
biology, medicine, mathematics, the physical sciences, and engineering ; about 
$1,350,000 for the training of scientific manpower; and the balance for de- 
velopment of a national policy for the promotion of basic research and educa- 
tion in the sciences, for the wider dissemination of scientific information, and 
for other services including support of the National Scientific Register, now 
established in the Office of Education. 

Basic scientific research will in most cases be supported by means of re- 
search grants. No grants have been made to date, although a considerable 
number of research proposals have been received from investigators in all 
parts of the United States. It is expected that many more proposals will be 
received shortly. 

Proposals for research grants will be given preliminary evaluation and 
review by the Foundation’s three research divisions : the Division of Biological 
Sciences under Dr. John Field, the Division of Mathematical, Physical and 
Engineering Sciences under Dr. Paul Klopsteg, and the Division of Medical 
Research under Dr. John Field (acting). Each Division will be assisted in 
evaluation and review by a Divisional Committee, made up of outstanding 
scientists in the field, and by expert consultants employed on a part-time basis. 
Grants will be approved by the Director and the 24-member National Science 
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Board, whose chairman is Dr. James B. Conant, president of Harvard Uni- 
versity. 

The National Science Foundation Graduate Fellowship program will be 
directed by the Division of Scientific Personnel and Education under Dr. 
Harry C. Kelly. Selection of fellows will be made solely on the basis of 
ability and will be carried on by the National Research Council, which has 
participated in the selection of fellows for various government and private 
agencies for many years. 

Applications will be considered from students in the natural sciences who 
have or will have completed their undergraduate work in any accredited col- 
lege or university. Fellows may attend any accredited non-profit institution 
offering graduate studies in science which approves their application for 
admission. 

Announcements regarding the National Science Foundation Graduate 
Fellowships will be distributed within the next week or two. These will de- 
scribe stipends and allowances in detail. Inquiries and applications should 
be addressed to the Fellowship Office, National Research Council, Washington 
29, D. C. 
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Phase Transformations in Solids. Edited by R. SmoLtucHowskt1, Chairman, J. E. 
Mayer, AND W. A. Wey. Pp. X + 660; figs. 262; tbls. 21. John Wiley & 
Sons, Inc., New York, and Chapman & Hall, Ltd., London, 1951. Price, $9.50. 


We are living in an age of specialization and we are rapidly approaching the 
state where there is a need to remove the gap between two or more highly specialized 
streams of scientific endeavor, which are moving in the same direction and which 
could move more rapidly by a mutual sharing and interchange of thought channels. 
“Phase Transformations in Solids” is a book which can be used to trench a gap of 
understanding between not two but several sciences interested in the specialty of 
solid state. 

Crystallographers, physicists, chemists, metallurgists, ceramists, and geologists, 
including petrologists, mineralogists, and of course, “granitizologists,” have all 
wrestled with the problems of the solid state for years. The geologists first ob- 
served the role of solid state transformations in the polymorphic minerals. The 
metallurgists attacked the problem from the laboratory by working on their rela- 
tively easy synthesized crystals of metals. This study is the condensation of the 
results of the accumulation of information on solid state transformations gathered 
from authorities “in many different fields who have a common interest in the funda- 
mental phenomena accompanying phase changes.” 

The seventeen chapters, all by different authors, were presented at a four day 
conference, held at Cornell University, in August, 1948, under the sponsorship of 
the Committee on Solids, Division of Physical Sciences, National Research Council. 

Discussions which followed the presentation of the papers are contained in the 
book. Many of the papers are of great interest and of extreme value to those of 
the geological profession. Prof. Seitz’s paper on “Fundamental Aspects of Dif- 
fusion in Solids” should be required reading of all budding petrologists and also 
many of those who have flowered. Prof. Buerger presents a clear concise classifi- 
cation of transformations in his paper entitled, “Crystallographic Aspects of Phase 
Transformations.” His structural classification of transformations is based upon 
the coordination of atoms or the number and arrangement of the atom’s neighbors. 
Numerous specific examples of minerals classified by this system are given. The 
mechanical and graphical explanation of phase transformations by Prof. Buerger is 
exceptionally well presented and easily understood. Separate papers by Dr. F. C. 
Kracek and Dr. J. F. Schairer, delving into the phase transformations in the silicate 
systems, consist not only of a good review of this subject but they also present new 
information and discuss a few of the future laboratory investigations (with tech- 
nique difficulties to be overcome) which are contemplated upon the silicates. The 
result will be a wealth of information on the thermochemical properties of the sili- 
cate minerals, and the practical geological application will be enormous. Prof. 
Weyl, of course, brilliantly presents his views upon transitions in glass and explains 
why he disapproves of the classical definition of a glass, i.e., a supercooled liquid. 
He has found that the properties of a glass of a given composition such as density, 
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refractive index, and electrical conductivity, depend upon the thermal history of 
the glass and are no longer defined merely by its composition, temperature, and 
pressure. Because of this, Prof. Weyl states that glasses can no longer be con- 
sidered as true supercooled liquids. 

It is reasonable to expect some duplication in a book of this character but, sur- 
prisingly enough, it is ata minimum. In cases where it does occur, the repetition 
is of some value since a more clear understanding may be obtained from the varia- 
tion in presentations. There is some difference in terminology and mathematical 
symbols used throughout the different papers. For instance, in the case of the 
free energy equation, the symbols “F,” “A,” and “G” are used by the different 
authors to represent free energy, while both “E” and “U” are used to designate 
internal energy. Prof. Buerger wisely continues to urge the use of the phrase 
“structure energy” instead of “lattice energy” because of crystallographic connota- 
tions of the term lattice. The reviewer, however, noticed the use of the misnomer 
“lattice energy” several dozen times throughout the remainder of the book. 

The editorial staff consisting of Dr. R. Smoluchowski, Dr. J. E. Mayer, and Dr. 
W. A. Weyl is to be complimented for the task which culminated with the ac- 
complishment of this book as should, also, each person who has contributed to the 
knowledge presented in “Phase Transformations in Solids.” 

Studies of this type are a need which are becoming of greater desirability as 
science becomes more specialized. Another symposium on solid state reactions and 
energy requirements would be most welcome. 

Meap LeRoy JENSEN. 

YALE UNIVERSITY, 

New Haven, Conn., 
Oct. 19, 1951. 


Tables for Microscopic Identification of Ore Minerals. By W. UyrTenzo- 
GAARDT. Pp. 242. Princeton University Press, Princeton, N. J., 1951. Price, 
$5.00. 


This volume will be an indispensable tool of ore mineralogists for many years 
to come. Nothing in English or any other language equals it as a key to the 
identification of the opaque minerals under the microscope. 351 minerals are listed, 
each one described in adequate detail for determinative purposes. A 6-page 
Introduction describes the arrangement of the tables and gives brief but lucid dis- 
cussions of polishing hardness (readily determinable simply by raising or lowering 
the microscope tube) as a primary diagnostic character; and of secondary criteria 
such as (Talmadge) hardness, color, reflectivity, etch test, internal reflection, etc. 
Two tables preceding the main one list the minerals, first, in order of increasing 
polishing hardness with composition, reflectivity percentage, and degree of ani- 
sotropy; and the second, the same data in order of increasing reflectivity. The 
main table occupying 181 pages is divided primarily on basis of polishing hardness, 
with galena, chalcopyrite, and pyrite as standards of reference. For each mineral 
are listed the formula, crystal system, Talmadge hardness, percentage reflectivity 
(in air and in oil, for green, orange, and red light, and also.for white light in air) 
and the color including the color as affected by minerals in contact; etch reactions, 
and copious miscellaneous details, including structural and paragenetic data. All 
of these items are further annotated by reference to a bibliography of 421 papers. 
This bibliography brings up to 1949 the earlier list of Schneiderh6hn-Ramdohr in 
1931; it is therefore a key to the literature in this field. 
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Seventy-five names are listed as “Superfluous” ; each is disctissed with reference 
to its invalidation as a species name. 

The format of the book is excellent. The pages are of good size, 7 x 10, the 
typography (multigraph process) very clear; on most pages there is ample room 
for insertion of data on new species, etc. The paper is of good quality, and the 
binding strong. Typographical errors, or misstatements of any sort, if present, 
are extraordinarily few (none were noted). Finally, the work throughout shows 
evidence of critical and scholarly acumen, in that it is not merely an exhaustive 
compilation of data, but really an admirable presentation of the methods and tech- 
niques of microscopic determinative ore mineralogy. 

CHARLES MILTON. 

U. S. GEoLocicaL SURVEY, 

WasHINGTON 25, D. C., 
Nov. 1, 1951. 


Atlas fiir angewandte Steinkohlenpetrographie. Herausgegeben von der Deut- 
schen Kohlenbergbau-Leitung in Verbindung mit dem Amt fiir Bodenforschung. 
Pp. 329. Gluckauf, 1951. Price, 50 DM. 


This atlas was prepared under the Supervision of a Committee on Raw Coal 
of the Deutschen Kohlenbergbau-Leitung by a small group of workers consisting of 
C. Abramski. M. Th. Mackowsky, W. Mantel, and E. Stach. The work consists 
of an explanation of the nature of coal petrography as carried on by the polished 
surface and incident light method. It opens with a general explanation of the 
general fundamentals of coal petrography with explanations and definitions of the 
banded ingredients and points out that from the standpoint of polished surface 
technique there are recognized as ground mass material the constituents vitrinite, 
micrinite, semifusinite, sclerotinite and fusinite, and, as inclusions, exinite and 
resinite. Upon these seven materials rests the science of German coal petrography 
as set forth in this book. Consideration is given to the relative merits of the thin 
section and polished surface techniques with reasons advanced for the general 
adoption of the first method. 

There then follows 249 pages making up the main part of the Atlas consisting 
of 230 half-tone reproductions of photographs of polished surfaces of coal and 
mineral matter with 8 colored figures illustrating mineral matter in coal. The 
first 14 illustrations in the Atlas provide a comparison of polished surface and thin 
section technique, and the results obtained with and without the use of an oil im- 
mersion lens. (Unfortunately the comparison of thin-section and polished-surface 
photographs fails to show one of the principal merits of the thin-section method 
because the thin-section photographs are not in color. Black and white photo- 
graphs of thin sections are likely to be unsatisfactory even to those accustomed to 
employ this technique, because without the benefit of color many of the distinguish- 
ing characteristics do not appear. With colored photographs it is quite another 
story. G. H.C.) 

From pages 31 to 191 the Atlas explains in German, English, and French, with 
many illustrations, the characteristic appearance of the seven primary constituents 
of coal, noted in the first paragraph, in each of the ranks of coal from Flammkohle 
and Gasflammkohle to Anthrazit (Part I Section 1 to 6). In general there is a 
definite fading out of contrast between the various constituents as rank advances. 
That is, all constituents become more equally bright in polished surface just as they 
tend to become more uniformly opaque in thin sections. However, the polished 
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surface method permits the use of etching to bring out structures, a method which 
is thought not to be applicable to thin sections. 

After the description of the appearance of the polished surfaces of the different 
ranks of coal, it is pointed out “that the microscope is the only means of finding out 
the different stages of coalification in a mixture of coal and of carrying out a 
quantitative analysis” (Section 7). This is done by utilization of the systemat- 
ically varying reflectivity, and illustrations are given descriptive of the technique. 
Such practice is also applicable to broken coal. Section 8 concerns minerals in 
coal, and a final section (9) consists of a comparison of coals from different coal 
fields on the basis of their petrographic characteristics, explaining how the petro- 
graphic method makes it possible to identify coals from individual fields. 

An introductory short statement precedes each section of Part I. These state- 
ments, and the explanations that accompany the illustrations, are in three languages 
—German, English, and French. This practice of giving explanations in three 
languages is followed only in Part I. 

Part II contains four sections: the first discusses the methods of describing 
coal bed profiles in terms of the banded ingredients with methods of graphic rep- 
resentation which are not entirely new. The second section deals with methods of 
petrographic analysis in terms of the banded ingredients and the impurities, par- 
ticularly carbonaceous shale (Brandschiefer) and rock (Berge). In general, 
Section 3 has to do with the technique of fine or broken coal analysis with a brief 
preliminary statement of the value of such analysis in the general fields of coking 
and hydrogenation, in the clarification of the relationship between the make up 
of the bed and degasification, and for supplementing the chemico-physical investiga- 
tions of the oxidizability and spontaneous combustion of coal.. In such analysis the 
materials in the coal are mainly classified in three categories, vitrinite, exinite 
(waxes and resins), and inerts (fusain and micrinite). Special attention is given 
to the analysis of clarain and durain in terms of these categories and to the use 
of a triangular diagram showing the composition of these two ingredients. Chapter 
4 describes the petrographic practices employed in determination of the amount of 
fusain in coal, with a footnote reference only to the chemical method of Fuchs. 

In Parts II and III illustrations are explained only in German. Part III has 
to do with applied coal petrography as concerns preparation, briquetting, and cok- 
ing. It is probably this part of the book which will prove of greatest immediate 
interest to American coal geologists. It is hoped that the authors will eventually 
supply a translation in English. 

Preparation is discussed in four parts. The first (pp. 287-306) deals with the 
properties of the banded ingredients, their primary character, their character as 
affected by mineral matter, and the effect of sizing of coal upon the distribution of 
the ingredients. The second part is a discussion of specific weight of the ingredi- 
ents (clarain, 1.25-1.3, pure vitrain about 1.3, fusain 1.5, durain 1.35). In this 
section some consideration is given to pyrite recovery. The third section is a 
discussion of the surface properties of the banded ingredients, since these are known 
to affect fine coal beneficiation, because of differential wettability. The fourth sec- 
tion discusses the importance of mineral petrographic research for beneficiation of 
high-ash coals. 

The section on briquetting (pp. 307-311) calls attention to the usefulness of 
coal petrography in determining the character of the raw coal used and the effect 
of the briquetting process on the coal as well as the relation of the coal, mineral 
matter, and binder. The evaluation of the raw material used in making briquets 
is judged important (1) because of the differential physio-chemical correlation 
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between the band ingredients and mineral matter on the one hand and the pitch 
used as binding material on the other, and (2) because the grain composition of 
the coal used is related to the strength of the briquette and the consumption of 
binder pitch. 

The section on coking (pp. 313-329) consists of a discussion with two main 
headings—A. Coal petrography analysis as an aid in the selection and evaluation 
of coking coal, and B. Practical importance of coal petrography in coke oven prac- 
tice. 

In the summary of this section it is pointed out that by petrographic methods 
certain benefits have been achieved in coking technique in handling the Ruhr coal 
and since this is a naturally excellent coking coal, such technique should be regarded 
as essential in working with poorer coking coals. 

The illustrations are excellent and the tables and charts accompanying the dis- 
cussion in Parts II and III are useful in explanation of the text. This book will 
undoubtedly stimulate the study of coal petrography in America and possibly pro- 
mote its greater use in industry. To the reviewer the Atlas falls somewhat short 
of the needs for American coal petrographers because it does not discuss techniques 
that might be useful in the control of cleaning procedure for coals designed for 
the domestic type of stoker; a market, however, which probably does not exist in 
Germany. There is also more or less of an undercurrent of opposition to the use 
of thin section technique. It seems to the reviewer that no useful method of study 
can be overlooked in any field of scientific investigation that is completely objective. 


GILBert H. Capy. 
UrsBANA, ILL., 
Oct. 29, 1951. 


The Formation of Mineral Deposits. By Aran M. Bateman. Pp. 371; figs. 
112. John Wiley & Sons, Inc., New York, 1951. Price $5.50. 


In “The Formation of Mineral Deposits” Dr. Alan M. Bateman’s gifted pen 
has produced an unusually timely and valuable book. It is valuable because, as 
he so succinctly states in the Introduction, our present voracious appetite for min- 
erals means that new supplies must be unearthed if industrial development is to 
advance, and, more seriously, it is timely because in the ever present threat of 
another major war we must keep our mineral inventories in good shape in order 
to have any hope of success in case of another conflict. This volume is also a gem 
from the standpoint of those in the teaching profession who deem it advisable to 
have an introductory course in Economic Geology as a sequence to Principles of 
Geology. Likewise, in view of the very meaty and well-packed information which 
has not only political but also military significance in Chapter 16, it ought to be 
made compulsory reading for all those engaged in planning military or foreign 
affairs, and it should be made a handbook for our State Department. 

As for the details of the volume itself, after the introduction in Chapter 1 there 
follows in proper sequence chapters on Materials of Mineral Deposits; Brief His- 
tory of Evolution of Ideas on the Origin of Mineral Deposits, which is really a 
delightful chapter; the Relation of Mineral Deposits to Igneous Activity, followed 
by Chapter 5—The Primary Mineralizing Solutions. Chapter 6, The Processes of 
Formation of Mineral Deposits, has a very clear summary as to origin. Chapter 7 
on Magmatic Processes is written with considerable force, and one may guess that 
this results from Doctor Bateman’s recent studies in connection with his investi- 
gations of the ore oxides. Contact-Metasomatic Processes, Chapter 8, is a con- 
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ventional treatment of this subject. Chapter 9, Hydrothermal Processes, as one 
might surmise considering the author’s background, is a fairly detailed account 
which takes up 43 pages of the contents, which, considering the subject and fine 
treatment, is more than justified. 

Possibly one of the most intriguing subjects is dealt with in Chapter 10, Sedi- 
mentary Processes and Cycles. Herein Doctor Bateman has caught some of the 
grandeur of geology, and with his facility of expression has set it down in such 
manner so as to compel one’s whole-hearted attention from the beginning to the end 
of the chapter. 

Weathering Processes, Chapter 11, and Metamorphic Processes, Chapter 12, 
naturally follow, and these are written easily and well. 

Being a mining geologist of international reputation, one would expect a fine 
treatment of the subject of Controls of Mineral Localization, Chapter 14, and the 
reader will not be disappointed. In this chapter, as in many other parts of the 
book, the author draws on his wide experience in nearly all parts of the world to 
illustrate the points which he so clearly makes. Herein, too, is a treatment of 
metallogenetic epochs and provinces which is a superior summary on these broad 
aspects of mineral deposition. It is regrettable that the author, with his first-hand 
acquaintanceship with the world’s ore districts, should have omitted under metal- 
logenetic provinces one of the most important and romantic of all, namely, the 
Cornish tin-tungsten province, which has fathered so much that is rich in mining 
lore and tradition throughout almost the entire world. 

Under Exploration and Exploitation of Mineral Deposits, Chapter 15, we are 
brought up to date in the manner of how to look for ore bodies in the modern style. 

From a man of such broad experience and knowledge—one of the deans of 
economic geology—one would expect to find few errors, or inconsistencies in the 
book, and those that exist are minor indeed. In Table 13 on page 319 he neglects 
to mention Canada as one of the chief foreign sources of asbestos.t On one page 
he mentions the Gold Coast as having the greatest single manganese mine in the 
world as against another page wherein it is stated that Russia has the greatest of 
all deposits. Also, on page 327, large lead-zinc deposits are referred to in South- 
ern Rhodesia, whereas actually these occutrences lie north of the Zambesi River 
in Northern Rhodesia. He also states that coal is not abundant throughout Africa, 
whereas one of the greatest seams in the world occurs at Wankie in Southern Rho- 
desia, and the Transvaal in South Africa has large reserves. In fact, he himself 
states on page 331 that coal appears in quantity in South Africa. 

A thoughtful remark is made on page 313 to the effect that “Without minerals 
we would be back in the days of primitive agriculture and handicraft, and perhaps 
we would all be happier,” the philosophy of which the reviewer feels is open to 
question. History reveals that all past times have been troubled, and rather than 
to have a nostalgic longing for things of the past which appear to have the illusion 
of happiness, one has more chance for the real thing by facing up to present facts 
and dealing with them with courage and faith. 

The reviewer turns with pleasure to Chapter 16 which, with no pun intended, 
is literally a mine of information. The material in this chapter is so vital to the 
welfare of our country that one can only hope the author will be either persuaded 
to enlarge on it in a later volume, or to enlarge it into an entirely separate treatise. 
It may come as a surprise even to those in mining circles to learn that more than 
60 distinct metals and minerals are imported into the United States, of which 27 
come exclusively from 53 foreign sources; that we rely on foreign sources for 20 


1 Unless the author is referring only to strategic asbestos. 
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of our chief war-time minerals; and further, that we are 85 to 100 per cent de- 
pendent on 14 of these vital and critical materials. The pages from 313 through 
341 are crammed with vital statistics which are vitally important to our country’s 
welfare. 

The book ends with a rather high note regarding the future outlook for minerals, 
and the reviewer can concur with the sentiments expressed that the brightest out- 
look for future mineral resources lies as.a challenge of first magnitude to the geolo- 
gist, in collaboration with the geophysicist, the physicist, and the chemist. The 
American people, including its economic geologists and geophysicists, are most 
enterprising when any compelling need arises. The need is now here for the aug- 
mentation of our mineral inventory. This being the case, then, can we not have 
faith in the capability of our mineral scientists to unearth those deep-lying deposits 
which all knowledgeable geologists know and believe lie waiting to be found in 
our country? 

To sum up, this is an excellent book. It is as entertaining to read this volume 
of Doctor Bateman’s as it is to listen to his lectures. It has been planned with 
careful forethought, one of the manifestations of which is the very excellent draw- 
ings and photographs which are taken from many, varied, and somewhat unexpected 
sources, some of the ancient woodcuts being of particular interest. Doctor Bate- 
man’s wide experience, coupled with his skill in writing, have combined to produce 
a most worth while volume, and both he and his publishers are to be congratulated 
on this extraordinarily fine work. 

D. M. Davipson. 

MINNEAPOLIS, MINNESOTA, 

January 1, 1952. 


The Woodbine and Adjacent Strata of the Waco Area of Central Texas—A 
Symposium. Edited by Franx E. Lozo and Bor F. Perkins. Pp. 164; figs. 
39; pls. 47; tbls. 10. Southern Methodist University Press, Dallas, Texas, 1951. 
Price, $7.50. 


This symposium results from the 1951 Field Trip of the East Texas Geological 
Society, and brings together current field investigations being undertaken by the 
U. S. Geological Survey, the Shreveport Geological Survey, W. S. Adkins, and 
Frank E. Lozo. The contributors consist of Frank Bryan, C. I. Alexander, G. J. 
Loetterle, J. C. Price, Jack Colligan, Arthur M. Hull, Frank E. Lozo, John N. 
Monroe, and W. S. Adkins. The book gives detailed accounts of the stratigraphy, 
structure, and paleontology, and includes numerous maps, sections, charts, logs, and 
plates of fossils. It thus brings together all of the geological information that has 
been gathered in this region for a period of several years. 


The Sea Around Us. By Racuet L. Carson. Pp. 230; figs. 4; chart 1. Ox- 
ford University Press, New York, 1951. Price, $3.50. 


This unusually fine bit of scientific literature for the layman presents with skill 
and accuracy an enthralling and informative story of the life history of the ocean. 
One chapter of this book, published in the Yale Review, won the George Westing- 
house Science Writing Award for 1950. The author, trained as a biologist, is 
editor-in-chief of the U. S. Fish and Wildlife Service. 

The book deals with all aspects of oceanography, geology, meteorology, and 
climatology involved in the history of the ocean. Starting with the origin of ocean 
basins, the author treats of the many forms of animal and plant life in the waters 
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and how such life began. She describes the deep canyons and high mountains on 
the ocean floor, ocean currents, the ocean influences on weather and climate, and 
its mineral resources. The last three chapters treat of man’s relationship to the 
sea, and give a sketch of early navigation. 

The book will fascinate any reader whether interested in science or not, and the 
scientist will find bits of knowledge, interwoven with lore, that he has not known 
before. It is a book that can be unqualifiedly recommended for general interest in 
scientific matters. 


The Tectonics of Middle North America—Middle North America East of 
the Cordilleran System. By Puitip B. Ki1nc. Pp. 203; figs. 52. Princeton 
University Press, Princeton, N. J., 1951. Price, $3.75. 


This book is the first part of an ambitious undertaking on the tectonics of North 
America. By 1950 only central North America could be prepared and the author 
states the remainder would have to be undertaken at a slower pace for a later date. 
This volume is an ambitious undertaking in itself and we hope the rest of it will 
some day be completed. This volume covers the tectonic features east of the Rocky 
Mountains and adjacent parts of Canada and Mexico. It is largely descriptive but 
the reader is made acquainted with various theoretical considerations relating to 
mountain and continent formation. 

The author starts off with the stable Laurentian Shield and the surrounding low- 
land areas, then considers the interior lowlands, the midcontinent areas, the Appa- 
lachian regions and bordering coastal plains and Newfoundland. The volume will 
serve as a textbook to go hand in hand with the Tectonic Map of the United States, 
which the author edited. 

The volume is planographed with a cloth binding, but the typing is clear and 
although a little small and light in face is quite readable. There are no chapters. 
The contents are arranged as in a U. S. Geological Survey bulletin or professional 
paper. The numerous maps and cross-sections are carefully chosen and are clearly 
reproduced. The volume bears the mark of a distinguished student of tectonics 
and whets the appetite for what is to come. 


Physical Geography. By Artuur N. Stranter. Pp. 442; figs. 442; tbls. 5. 
John Wiley & Sons, Inc., and Chapman & Hall, London, 1951. Price, $6.00. 


This book follows the author’s belief that physical geography is a basic earth 
science and should not be combined with human and economic geography. Conse- 
quently, it deals chiefly with processes and forms that develop in the atmosphere, 
hydrosphere, and on the land surfaces. This strictly physical approach is shown 
by the contents, of which Part I (Chaps. 2-5) is “The Earth as a Globe” taking 
up its form, illumination, time, and tides. Part II, “Maps and Landforms; Rocks 
and Structures,” treats of maps, landforms, rocks, weathering, land sculpture, and 
structural features. It is as much physical geology as geography. Part III, 
“Weather and Climate; Natural Vegetation and Soils,” is a complete discussion 
of weather, climates, and their causes, and a very good, although brief, treatment 
of soils. 

The book is well written, well printed, and well illustrated, with many fine draw- 
ings. The page size is 844 X 11 and the text is in two columns. It should win a 
place among the leaders in this type of textbook. 
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BOOKS RECEIVED. 
CHARLES H. SMITH. 


Selected Bibliography of Published References on Uranium Occurrences and 
Radioactive Ore Deposits of Possible Interest to the Petroleum Industry. 
MarGARET Cooper. Pp. 16. U. S. Atomic Energy Commission—RMO-547, 
New York, N. Y., 1951. A selected bibliography which includes references to 
European and Russian literature. 


California Division of Mines—San Francisco, 1951. 


California Journal of Mines and Geology, Vol. 47, No. 4, October 1951. 
Pp. 130; pls. 15; figs. 9. Price, $1.00. 2 Papers: Mine and Mineral Re- 
sources of Contra Costa County, by F. F. Davis and J. W. Vernon. Fluor- 
spar in California, by J. W. Crosby III and Samuel R. Hoffman. 

Bull. 159. Crystalline Rocks of Southwestern California. Pp. 136; pls. 7. 
Contains 3 separate papers: Crystalline Rocks of the Corona, Elsinore and 
San Luis Rey Quadrangles, Southern California, by E. S. Larsen, Jr.; 
Geology of the Cuyamaca Peak Quadrangle, San Diego County, California, 
by D. L. Everhart; and Groundwater in the Bedrock in Western San Diego 
County, by Richard Merriam. 

The Sunnyside, Ross Basin, and Bonita Fault Systems and Their Associated 

Ore Deposits, San Juan County, Colorado. W. S. Bursanx. Pp. 19; figs. 

3. Colorado Sci. Soc. Proc., Vol. 15, No. 7, Denver, Colo., 1951. Price, $1.00. 

A review of the major structural features controlling ore deposition with sug- 

gestions for prospecting. 

Illinois Geological Survey—Urbana, 1951. 


Circ. 174. Natural Resources and Geological Surveys. M. M. Leicuron. 
Pp. 14; fig. 1. Reprinted from Economic Geology, Sept—Oct., 1951. 

Rept. Inv. 151. Correlation of Domestic Stoker Combustion With Labo- 
ratory Tests and Types of Fuels. IV. Combustion Tests of Illinois and 
Other Coals. Roy J. Hetrinstine. Pp. 46; figs. 30; tbls. 13. Equip- 
ment, procedure and results described. 

Kansas University and Geological Survey—Lawrence, 1951. 

Bull. 92.. Oil and Gas Developments in Kansas During 1950. W. A. VER 
Wiese, J. M. Jewett, E. K. Nixon, R. K. Smiru, anp A. L. HORNBAKER. 
Pp. 187; figs. 12; pls. 2; thls. 63. Production rose to 107,339,000 bbls.; 118 
oil pools and 4 gas pools discovered in 1950. 

Bull. 93. Geology and Ground-Water Resources of Lane County, Kansas. 
GLENN C. Prescott, Jr. Pp. 126; figs. 10; pls. 8; tbls. 8. Upper Creta- 
ceous to Recent formations and their water-bearing properties described. 

Bull. 90, Pt. 7. Studies of Pleistocene Gravel Lithologies in Northeastern 
Kansas. Stanvey N. Davis. Pp. 19; figs. 4; thls. 3. Describes lithology 
of 29 gravel samples and relates lithology to origin of gravels. Techniques 
used in study are also discussed. 

Mississippi Geological Survey—University, 1951. 


Bull. 71. Lafayette County Geology. James Samuet Arttaya. Pp. 49; 
figs. 12; pls. 2. “Holly Springs” formation is equivalent to 3 formations— 
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the Meridian, the Lallahatta and the Kosciusko. Five potential oil struc- 
tures outlined. 


Bull. 73. Webster County Iron Ores. FRANKLIN Eart VestaL. Pp. 48; 
figs. 4; pl. 1. Distribution and tonnage estimates of Tertiary carbonate and 
oxide ores. Over 16,000,000 tons of minable ore indicated. 


New Jersey’s Potential Feldspar Resources. II. Mineral Technology and Eco- 
nomic Evaluation. Wut11am Loppinc. Pp. 70; figs. 5; tbls. 49. Rutgers 
Univ. Bur. Min. Research. Bull. 5, Pt. 2, Rutgers, N. J., 1951. Price, $1.50. 
Results of mineral dressing tests indicate that 2 pegmatite deposits show good 
promise as potential sources of feldspar. A third possible source exists in un- 
consolidated feldspar-bearing quarts sand. 


Discovery Heightens Interest in North Dakota Geology. Wutson M. Larrp. 
Pp. 7; figs. 2; tbl. 1. North Dakota Geol. Survey Rept. Inv. 3. Grand Forks, 
N. D., 1951. After a brief description of ihe geology of North Dakota, author 
concludes best prospects for production are in Devonian beds. 


Industrial Limestones and Dolomites in Virginia: Clinch Valley District. 
Byron N. Cooper. Pp. 259; figs. 18; pls. 24; tbls. 5. Virginia Geol. Survey 
Bull. 66, University, Va., 1945. Report contains geologic maps showing dis- 
tribution of limestones and dolomites and many geologic sections showing the 
character, thickness and chemical composition of the more important units. 
Tonnage estimates given for more important localities. 


Interpretation of Aeromagnetic Maps. V. Vacguier, NELSON CLARENCE STEEN- 
LAND, RoLtanp G. HENDERSON, AND IsipoRE Z1ETz. Pp. 151; figs. 89; tbls. 28. 
Geol. Soc. American Mem. 47, New York, N. Y., November, 1951. Written 
primarily for geologists. Includes a chapter on general principles. Method 
of interpretation consists of comparing the magnetic features of actual surveys 
with model anomalies. Techniques of surveying are omitted. 


Since Spindletop. Craic THompson. Pp. 110; many illustrations. Pittsburgh, 
Pa., 1951. History of of the Gulf company prepared on the occasion of its 
golden anniversary. 


Turkey. T. G. A. Muntz. Pp. 194; map 1; many tables. Philosophical Li- 
brary, New York, 1951. A report on economic and commercial conditions in 
Turkey. Finance, foreign trade, agriculture and livestock, communications, 
industry, mining, public works, foreign aid and investments, and social questions 
are described. 


Canada Department of Mines and Technical Surveys—Ottawa, 1951. 


Mem. 115. Radioassay of Uranium Ore With the Geiger Type Equi- 
librium Counter. R. D. Witmot anp C. McManon. Pp. 110; figs. 8; 
tbls. 6. Discusses basic theory, procedures in assaying and apparatus re- 
quired. Includes a glossary of the more commonly used terms in radioassay. 


Bull. 17. Gastropoda and Conularida of the Ottawa Formation of the 
Ottawa-St. Lawrence Lowland. Atice E. Witson. Pp. 149; figs. 7; 
pls. 19; thls. 4. Price, 75 cts. Many species are described and figured, 


59th Annual Report, Vol. LIX, Pt. 1, 1950. M. G. Arnotp; Starr or MINES 
INSPECTION Branco; W. D. Harpinc. Pp. 88; tbls. 8. Ontario Dept. of 
Mines, Toronto, 1951. Statistical review of mineral industry for 1949; mining 
accidents in 1949; classes for prospectors. 

















REVIEWS. 117 


Quebec Department of Mines—Quebec, 1951. 


Geol. Rept. 49. Iserhoff River Area, Abitibi-East County. Jacques Cia- 
vEAU. Pp. 47; pls. 8; colored geological map, scale 1”=1 mi. General, 
structural and economic geology described. Pyrite mineralization with some 
chalcopyrite. 

Geol. Rept. 48. Capisisit Lake Area, Abitibi-East County. J. E. Grperrt. 
Pp. 51; fig. 1; pls. 8; colored geological map, scale 1”=1 mi. Granitic, 
gabbroic, volcanic and sedimentary rocks described. Some pyrite, chalco- 
pyrite and pyrrhotite mineralization. 


The Geology of India and Burma, 3rd Edit., Vol. 1. Sir Epwin H. Pascoe. 
Pp. 483; figs. 13; Pp. 483; figs. 13; pls. 20. India Geol. Survey and un- 
official sources, Delhi, India, 1950. First of 4 volumes representing a revision 
of the second edition published in 1893. 12 chapters describe the Archean, the 
Eparchean Interval, and the Purana (late Precambrian) geology of various 
districts. .A valuable compilation of information on the geology of India and 
Burma. 


Geological Survey of India—Delhi, 1941-1951. 


Mem., Vol. 74, Pt. 2. A Geological Survey in Parts of Karenni and the 
Southern Shan States. G. Vernon Hopson. Pp. 155; pls. 5. Price, 
Rs 6-8 or 10s. Area of dominantly limestones, intruded by granitic rocks 
with associated tin and tungsten mineralization. 


Rec., Vol. 78, Pt. 1. Pp. 155; pls. 4. Price, 1ls.6d. Includes general report 
for 1939 by W. D. West; Note on the Earthquake Tremors at Shahkot, 
Sheikhupura District, Punjab, of September, 1943, by J. B. Auden; and 
The Copper Lodes of Sleemanabad-Niwar Area, Jubbulpore District, Central 
Provinces, by B. C. Roy. The latter contains a short petrographic study of 
the ore minerals. 


Rec., Vol. LXXVII, Prof. Pap. 9. Mineral Deposits of the Uttattur Stage 
of the Cretaceous Rocks, Trichinopoly District. M.S. KrisHnan. Pp. 
46; tbls. 10; pls. 4. Price, 2s.6d. Descriptions of gypsum, celestite, phos- 
phate, chalk, building stone, clay and ochre deposits. 


Rec., Vol. 82, Pt. 1. General Report of the Geological Survey of India for 
the Year 1948. W. D. West. Pp. 253; pls. 2. Price, 10sh. Short re- 
ports on general surveys, mineral, special, engineering and ground water 
investigations. 

Bull. 1. Preliminary Report on Coal Suitable for the Manufacture of 
Synthetic Petroleum. A. B. Dutt, P. K. Guosu, G. N. Dutt Ann K. D. 
SHuKLA. Pp. 109; pls. 7. Price, 10sh.6d. Detailed information on 4 coal- 
bearing areas. Study indicates that at least one area is suitable for the 
establishment of a synthetic oil plant. 


Bull. 3. Report on Glass-Making Sands in Parts of Vindhya Pradesh, Ut- 
tar Pradesh and Rajasthan. D. R. S. Meuta. Pp. 16; pls. 4. Price, 
lsh.6d. Considerable reserves of friable quartzite which yields sand suit- 
able for plate glass. 


Bull. 4. Cement. J.B. Aupen. Pp. 48; fig. 1; tbls. 5; pl. 1. Price, 2sh.3d. 
General information on cement and concrete, limestone deposits and require- 
ments for dams and roads. 
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The Occurrence of Columbite in Nigeria. R. R. E. Jacosson, A. CAWLEY AND 
W.N. Macreop. Pp. 11; figs. 3; tbls. 6. Price, 1s.6d. Nigeria Geol. Survey 
Occas. Pap. 9, Kaduna Junction, Nigeria, 1951. Columbite, the columbite in- 
dustry and occurrences are briefly described. 

Boletim do Instituto Nacional de Tecnologia. No. 1, Sept., 1950. Pp. 54; 
many figs. No. 2, Jan., 1951. Pp. 78; many figs. Rio de Janeiro. Bulletin 
of the National Institute of Technology. 


Ministerio de Minas e Hidrocarburos—Caracas, Venezuela, 1951. 


Revista, Afio II, No. 3. Pp. 187; figs. 5; pls. 6. 4 papers on mining law, 
petroleum and manganese in Estado Bolivar. 


Bol. 56. Pp. 14. Statistics on drilling, production and refining. 
Bol. 57. Pp. 15. Bol. 58. Pp. 14. Bol. 59. Pp. 20. 

Comptes Rendus du Congrés Scientifique, Vol. III. Pp. 218. Comité Spécial 
du Katanga. Bruxelles, 1950. 14 papers on mining and metallurgy in Ka- 


tanga, including papers on tin and gold mining, iron deposits, copper and cobalt 
metallurgy. 


Etude Morphologique et Anatomique d’une Fougére du Dévonien Supérieur 
le Rhacophyton zygopteroides nov. sp. SuzANNE LEC.eERcQ. Pp. 62; figs. 
8; pls. 12. Annales de la Société Géologique De Belgique. 1950-1951. Mor- 
phology and anatomy of a late Devonian fern, “Rhacophyton zygopteroides.” 














SOCIETY OF ECONOMIC GEOLOGISTS 


JOINT TECHNICAL SESSIONS OF THE SOCIETY OF ECONOMIC 
GEOLOGISTS AND THE AMERICAN INSTITUTE OF MINING 
ENGINEERS, MINING GEOLOGY SECTION. ANNUAL 
NEW YORK MEETING, FEBRUARY 18-20, 1952. 


PROGRAM. 


TurespAy Morninc—FEsruary 19. 


Joint session with the Society of Economic Geologists. 


Chairmen: D. M. Davidson and Edward L. Clark. 


LEeAb-ZINC Deposits. 


Structural Environments of the Lead Ores 
in the Southeastern Missouri Mining Dis- 
trict. 


The Lead-Zinc Deposits of the Bou Beker- 
Touissit Area of Eastern French Morocco. 


Geology and Hydrothermal Alteration in the 
Hercules Mine, Coeur d’Alene District, 
Idaho. 


A Preliminary Description of the Nigerian 
Lead-Zinc Field. 


The Cambro-Ordovician Rocks of the Col- 
ville District, Stevens County, Washing- 
ton, and Current Lead-Zinc Development 
in Northeastern Washington. 


A Preliminary Determination of the Age of 
Lead-Uranium and of Some Colorado Pla- 
teau Uranium Ores by the Lead-Uranium 
and Lead-Lead Ratio Method. 


Uranium Mineralization in the 
Mine, Idaho. 


Sunshine 
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Jack A. James, Missouri Geological 
Survey. 


Jacques Claveau, Jean Paulhac, and 
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WEDNESDAY MorNING—FEBRUARY 20. 


Joint session with the Society of Economic Geologists. 


Chairmen: Olaf N. Rove and Stewart Turneaure. 


GENERAL SESSION. 


The Hamme Tungsten Deposit, Vance 
County, North Carolina. 


Correspondence Between Composition of 
Replacement Iron Ore and Limestone in 
the Iron Springs District, Southwestern 
Utah. 


Geologic Setting of the Copper-Nickel Pros- 
pect in the Duluth Gabbro Near Ely, Lake 
County, Minnesota. 


Certain Terms of Mining Geology as De- 
fined and Used. 


Development of Uranium Mining in the 
Grant’s New Mexico Area. , 


Uranium Deposits in the United States. 


Development and Application of Airborne 
Radioactivity Surveying. 


Cariton Hulin, Consulting Mining 
Geologist, San Francisco, Cali- 
fornia. 


J. Hoover Mackin, University of 
Washington, Seattle. (To be 
presented by Harrison Schmitt.) 


G. M. Schwartz, Minn. Geol. Sur- 
vey. 

D. M. Davidson, Vice President, 
E. J. Longyear Co. 

Harrison Schmitt, Consulting Min- 
ing Geologist. 

C. C. Towle, Jr., and Irving Rapa- 


port, Atomic Energy Commis- 
sion. 


V. E. McKelvey, L. R. Page, R. P. 
Fischer, and A. P. Butler, Jr., 
U. S. Geological Survey. 

F. W. Stead, U. S. Geol. Survey. 

F. J. Davis. 


WEDNESDAY Noon. 


Mining, Geology and Geophysics Division Luncheon. 


WEDNESDAY AFTERNOON. 


Joint Session with Mining Subdivision. 


EXPLORATION DRILLING. 
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Abstracts of papers to be presented at the joint meeting of the 
Mining Geology section of A. I. M. E. and the Society of Economic 
Geologists, February 8-20, 1952. 


STRUCTURAL ENVIRONMENTS OF THE LEAD ORES IN THE 
SOUTHEASTERN MISSOURI MINING DISTRICT. 


JACK A. JAMES. 


Each of the three principal structural environments of the lead ores has asso- 
ciated with it a distinctive type of lead ore deposit. They are the fault zone, the 
knob and ridge, and the structural block. 

The fault zone environment is characterized by an intricate pattern of parallel, 
sub-parallel, and branching faults accompanied by a multitude of other planes of 
fracturing. The associated ore bodies mine-out along a pattern corresponding to 
the fracture system in the area. 

The knob and ridge environment is related directly to the configuration of the 
Precambrian basement rock. It is characterized by basement rock knobs and 
ridges flanked by on-lapping sediments exhibiting initial dip and in which a locally 
controlled fracture system has developed. The ore bodies are narrow and sinuous 
and are developed in the sediments within the band of local fracturing along the 
flanks of knobs and ridges. 

The structural block environment is a triangular section which has been tilted 
in reverse to its original attitude and broken by an extensive mesh-work of fracture 
planes. It encloses the famous disseminated deposits of the southeastern Missouri 
“Lead Belt.” 

The structural history creating the structural block environment is not recog- 
nized elsewhere in the district. The structural setting of the knob and ridge en- 
vironment is indicated throughout a large area. Many zones of major faulting 
have been mapped either in detail or by reconnaissance survey. Other zones of 
faulting are likely to be discovered by additional field investigations. 


THE LEAD AND ZINC DEPOSITS OF THE BOU BEKER-TOUISSIT 
AREA OF EASTERN FRENCH MOROCCO. 


JACQUES CLAVEAU, JEAN PAULHAC, AND JEAN PELLERIN, 


The lead-zinc deposits are found in a dolomite formation at the base of the 
Jurassic series in a region of horst and graben structure. The mineralization is 
generally restricted to the upper half of the dolomite, which has a thickness of 
25 or 30 meters. 

The stratiform, discontinuous ore bodies, though they are distributed on either 
side of a step fault which constitutes the main break of a group of parallel faults 
between a major horst and graben, are more closely related to transverse secondary 
fractures branching from the step fault. 

The whole dolomitic formation is complexly recrystallized. Layers of mottled 
dolomite, which represent gray dolomite invaded by abundant, coarsely crystalline 
white dolomite, carry most of the ore, but locally the intervening layers of non- 
mottled gray dolomite are also replaced. 

Three types of ore are recognized: (1) a fine mixture of sphalerite and sub- 
ordinate galena, (2) coarsely crystalline galena, and (3) less abundant crystalline 
and botryoidal crusts of galena and sphalerite lining cavities in the white dolomite. 
The only introduced gangue is a small amount of quartz. The oxidation of the 
ore is related to earlier fluctuations of the water table. 

The ore solutions probably had their origin in the Paleozoic basement, with the 
horst-graben step fault providing the main channelways. The restricted strati- 
graphic occurrence of the ore is probably due to fact that the dolomite lies be- 
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tween impervious shale above and the equally impervious basement of schists and 
eruptive rocks below. Small flexures, minute faults and impervious shale partings 
within the dolomite further localized the ore. The mineralization may be related 
to the mid-Jurassic rather than to the widely recognized Cretaceous disturbance 
as previously supposed. 


GEOLOGY AND HYDROTHERMAL ALTERATION IN THE HERCULES 
MINE, COEUR D’ALENE DISTRICT, IDA. 


BRONSON STRINGHAM, F, MCINTOSH GALBRAITH, AND GARTH M. CROSBY. 


The silver-lead-zinc ore of the Hercules Mine occurs in a steep vein, striking 
northwest to east-west, in sediments of the Burke and Prichard formations of the 
Beltian Series (of late Algonkian Age?). A large monzonite mass lies to the west, 
and a pre-ore monzonite dike intrudes the mine area in the western section. While 
the quartzites and argillites of the Burke and Prichard have been slightly meta- 
morphosed with the development of interstitial sericite, the intense “bleaching” 
by hydrothermal sericite, common through much of the district, is essentially ab- 
sent from the wall rock in the Hercules Mine. The first minerals to form in the 
fissure and associate with ore were a widespread greenish sericite (biotite), andra- 
dite, quartz, and grunerite. The latter three are more common near the monzonite. 
Orthoclase and chlorite occur principally in the barren parts of the fissure. Green 
sericite and andradite may spread into wall rock as much as twenty-five feet on 
either side while the other minerals are more or less confined to the fissure zone 
proper. Other minerals deposited in order of sequence are siderite, magnetite, pyr- 
rhotite, pyrite, chalcopyrite, arsenopyrite, jamesonite, galena, sphalerite, calcite, 
and a very little late pyrite. 


A PRELIMINARY DESCRIPTION OF THE NIGERIAN 
LEAD-ZINC FIELD. 


J. L. FARRINGTON. 


Deposits of lead and zinc in the Cretaceous rocks of Nigeria have been known 
for a long time but have only been mined in the past on a very small scale owing 
to difficult communications and low metal prices. This large field, over 30,000 
square miles in extent, containing several score occurrences of lead and zine min- 
erals has not yet been mapped in detail or comprehensively described. This paper 
gives a short account of the history and a preliminary description of the physical 
features, the geology, and the mineralization of the field. The lead-zinc veins are 
regarded as occurring in structurally controlled fractures and the mineralization 
to have been of hydrothermal origin deposited under mesothermal conditions. The 
mineralization is thought to have taken place before the end of the Turonian stage 
of the Cretaceous and to be related to small but widely distributed dioritic intrusions. 


THE CAMBRO-ORDOVICIAN ROCKS IN THE COLVILLE DISTRICT, 
STEVENS COUNTY, WASHINGTON AND CURRENT LEAD-ZINC 
DEVELOPMENT IN NORTHEASTERN WASHINGTON.* 

W. A. G. BENNETT AND C. P, PURDY, JR. 


The Addy quartzite, 5,000 + feet thick, is overlain by 3,500 + feet of rocks that 
include phyllite, argillite, and interbedded limestone of lower Cambrian age, these 
rocks being generally equivalent to the Gypsy quartzite and Maitlen phyllite in the 
Metaline district. The Old Dominion limestone, 3,000 + feet thick, probably in 


large part equivalent to the Metaline limestone, overlies the phyllitic rocks and is 
* Presented with permission of the Supervisor, Washington State Division of Mines and 
Geology. 
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in turn overlain by 2,500 feet of black slaty argillite of lower and middle Ordovisian 
age. 

Principal structural features include the Old Douglas-Gillette-Rogers Ridge 
faulted anticline and the Old Dominion Mountain dome-like anticline, both of 
northeast trend, and both of which expose the underlying Addy quartzite. Two 
principal faults, on either side of the Old Douglas-Rogers structure, have juxtaposed 
the Addy and Old Dominion formations. 

At the present time in Stevens County there are two producing properties, the 
Deep Creek mine and the Anderson pit, and eight properties under active develop- 
ment, the most important being the Van Stone, the Bonanza, the Sierra Zinc, and 
the Iriquois. 

In Pend Oreille County there are two major producing operations, the Pend 
Oreille mine and the Grandview mine; also in the county are four properties under 
active development, the Bella May, the Lead Hill, the Columbis Lead and Zinc, 
and the Jim Creek. Together the producing properties in both counties represent 
a combined production from the Metaline limestone of about 45,000 tons of ore per 
month averaging approximately 5 to 7 percent combined lead and zinc, the zinc- 
lead ratio being close to 3:1. 


A PRELIMINARY DETERMINATION OF THE AGE OF SOME 
COLORADO PLATEAU URANIUM ORES BY THE 
LEAD-URANIUM- AND LEAD-LEAD-RATIO 
METHOD. 


L. R. STIEFF, T. W. STERN, AND R., G. MILKEY.* 


A study of the Pb?°*/U2*8 and Pb*°?/Pb?° ages of the Colorado Plateau uranium 
ores has been undertaken by the U. S. Geological Survey on behalf of the Atomic 
Energy Commission as one method for determining the origin of these ores. A sim- 
plified treatment of the data for 40 ore samples containing more than 0.1 percent 
uranium gives an average Pb?°*/U28 age of approximately 71 million years and 
an average Pb?°?/Pb?°* age of 425 million years. The large discrepancy between 
these two calculated ages may be the result of selective loss of U?*® daughter prod- 
ucts or the addition of old radiogenic lead. 

Corrections for the selective loss of daughter products to bring the Pb?°¢/U?8§ 
and Pb?°7/Pb®°* ages into agreement will increase the Pb*°*/U?5* age to approxi- 
mately 81 years. Additions of old radiogenic lead will lower the Pb?°*/U?%§ age to 
approximately 60 million years. The published Pb?°*/U2%* age of approximately 
60 million years for the Laramide pitchblende of the Colorado Front Range has 
been confirmed in the course of this study. 

If the ages calculated from these data are close to the true age of the ores, then 
the uranium was probably introduced into the sediments in late Mesozoic or early 
Tertiary time. This conclusion differs markedly from earlier conclusions that the 
uranium ores were formed in the Triassic and Jurassic sediments of the Colorado 
Plateau during or soon after deposition. Careful study is continuing in order to 
resolve the uncertainties in interpretation of both field and laboratory data so that 
a satisfactory hypothesis of origin of these ores may be established. 


URANIUM MINERALIZATION IN THE SUNSHINE MINE, IDAHO. 


PAUL F. KERR | AND RAYMOND F, ROBINSON.} 


Uranium mineralization occurs in the footwall of the Sunshine vein from the 
2,900 to 3,700 levels. Veinlets of uraninite associated with pyrite and jasper meas- 


* This work is being done on behalf of the Atomic Energy Commission. 
+ Professor of Mineralogy, Columbia University, New York, N. Y. 
t Chief Geologist, Sunshine Mining Company, Kellogg, Idaho. 
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ure up to 4 inches in thickness, but have been so extensively divided into segments 
and recemented that units more than a few feet in length are seldom found. Even 
apparently solid pieces when examined microscopically are found to consist of small 
fragments surrounded by silica. 

The uraninite-bearing zone occurs along a belt of shearing along or close to 
the crest of an anticlinal flexure on the north limb of the Big Creek anticline. The 
wall rock in the uranium zone is St. Regis quartzite of the Belt series. 

Alteration of the quartzite to red, pink, or brown iasper accompanies the urani- 
nite. Both alteration and uraninite may terminate abruptly along the vein zone, 
the veinlets changing within a few feet to white ribbon quartz. 

The lattice constant of the uraninite is 5.444A. The age on the basis of isotopic 
analyses secured through the courtesy of A.E.C. is 75(OMY +50. Although the 
determination has not yet been confirmed by an independent laboratory, it agrees 
with geological data which suggest that certain phases of the Sunshine mineraliza- 
tion are Precambrian. 

The major silver-bearing sulphide mineralization in the Sunshine veins is be- 
lieved to be for the most part post uraninite in origin. Several successive genera- 
tions of siderite vein filling are recognized. In general the uraninite is identified 
with the pyrite-colloidal-silica phase of vein filling and the silver ore with iron 
carbonate filling. 

Arsenopyrite is an early sulphide frequently disseminated through the wall rock 
and occurring in vein fragments in the uranium bearing area. Galena is found 
only sparingly in the uranium zone. It occurs as a later mineral cutting the urani- 
nite vein on the 3,700 ft. level. 


CORRESPONDENCE BETWEEN COMPOSITION OF REPLACEMENT 
IRON ORE AND LIMESTONE IN THE IRON SPRINGS 
DISTRICT, SOUTHWESTERN UTAH. 


J. HOOVER MACKIN, 


The ore deposits of the Iron Springs district, Utah, are magnetite-hematite re- 
placement bodies in the Jurassic Homestake limestone around three monzonite 
porphyry laccoliths of early Tertiary age. The ore bodies range from small pods 
to large masses that measure many hundreds of feet along the strike and down the 
dip of the limestone. They are separated from the concordant intrusive contact by 
a hornfelsed siltstone that is the basal member of the Homestake limestone. Ore 
bodies are most common in the lower part of the limestone but, depending on in- 
tensity of metallization, they may replace the full thickness, which is 220 to 250 
feet. Contacts of ore with unreplaced wall rock are sharp, not gradational. Re- 
placement is volume for volume. 

Hundreds of assay logs of drill cores indicate that where the ore occupies the 
full thickness of the limestone, both its basal part, which is 5 to 15 feet thick, and 
its upper part, which is 40 to 60 feet thick, are high in silica and alumina and cor- 
respondingly low in iron. Three sets of analyses of limestone cores indicate that 
the stratigraphic variation in the content of silica and alumina of the limestone is 
similar to that of the ore. The inference is that the basal and upper low-grade zones 
in the Homestake ore reflect an original compositional zoning in the limestone. 

Ore may be of low grade also because of silicification and silication of the lime- 
stone prior to metallization, but these effects are local and are usually distinguish- 
able from the systematic stratigraphic variations in composition. 

Precise quantitative treatment of gains and losses of various substances in the 
replacement process requires conversion of percent weights into parts per unit vol- 
ume; this theoretical aspect of the problem awaits further analytical work. This 
paper emphasizes the practical utility of the variation in ore grade, as a stratigraphic 
clue to structure, in the interpretation of drilling data. 


* Publication authorized by the Director, U. S. Geological Survey. 
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GEOLOGIC SETTING OF A COPPER-NICKEL PROSPECT IN THE 
DULUTH GABBRO NEAR ELY, LAKE COUNTY, MINNESOTA. 


GEORGE M. SCHWARTZ AND DONALD M. DAVIDSON. 


During the summer of 1951 a report was published of a discovery of copper- 
nickel ore in an area 8 miles south of Ely in northeastern Minnesota. Sulphides 
of copper, nickel, and iron occur in scattered outcrops for a distance of 5 miles 
near the base of the Duluth gabbro lopolith. The contact with the older Giant’s 
Range granite lies beneath the waters of the South Kawishiwi river for most of 
the known area of sulphide occurrences. 

Samples from outcrops range from 0.2 to 1.16 percent copper and 0.06 to 0.40 
nickel. A diamond drill hole indicated 0.36 percent copper and 0.13 percent nickel 
between 11 and 115 feet with a maximum of 1.02 and 0.21 percent, respectively, 
for a five-foot section. 

The sulphides are intercrystallized with the olivine gabbro minerals in a man- 
ner that indicates a magmatic origin for the sulphides. The ore minerals consist 
of chalcopyrite, cubanite, pentlandite, pyrrhotite, magnetite, and ilmenite. 

The structure of the gabbro, which is well banded throughout much of the lopo- 
lith, dips south toward Lake Superior, in the vicinity of the prospect, at angles 
that range from 20 to 40 degrees. A reasonable inference is that the sulphides 
will extend along both the dip and strike of the bands in the gabbro, but glacial 
drift covers most of the rock and extensive exploration is required to determine if 
the prospect contains minable ore. 


CERTAIN TERMS OF MINING GEOLOGY AS DEFINED AND USED. 
HARRISON SCHMITT. 


A limited number: of terms of petrology and mineral deposits, both descriptive 
and genetic in nature, are reviewed and discussed. The writer feels that there is 
still too much careless and subjective use of terms. This in part arises from the 
sharp separation of practice from theory. The terms stock and batholith are too 
often used subjectively. Terms defining changes in rocks seem to need clearer 
definition. The term contact metamorphism is particularly troublesome. In the 
genetic category hydrothermal and pneumotolytic seem to need clarification. 


URANIUM DEPOSITS IN THE UNITED STATES. 
V. E. MCKELVEY, L. R. PAGE, R. P. FISCHER, AND A. P. BUTLER, JR. 


Concentrations of uranium in the United States include those formed under 
nearly all types of igneous, sedimentary, and weathering processes. 

Uraniferous concentrations formed by igneous processes comprise primary de- 
posits in granites and pegmatites as well as hydrothermal vein deposits. No im- 
portant uraniferous granites are known in the United States, and pegmatites here 
and elsewhere contain only insignificant quantities of uranium. Hydrothermal 
vein deposits of uranium, however, are now known at several localities in Colorado, 
Utah, Idaho, Montana, Arizona, New Mexico, California, Washington, Nevada, 
Michigan, and New Jersey. 

The sedimentary uranium deposits include uraniferous black shales, phosphorites, 
and placers. The phosphorites in the western and southeastern fields and the black 
shales of Tennessee and the mid-western States are only weakly uraniferous, but 
they constitute important reserves. Few placers contain uraniferous minerals 
other than monazite and zircon, of which uranium generally makes up only a frac- 
tion of a percent. 

Because most uranium minerals are relatively soluble, primary concentrations 
in igneous or sedimentary rocks or veins are easily oxidized and leached. The 
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uranium may be redeposited, from either surface-water or ground-water solutions, 
in stockworks or veins near the lodes from which it was derived, or in porous sand- 
stones, or in chemical adsorbents, such as bone, iron oxide, monazite, lignite, and 
asphaltite. Although numerous oxidized vein deposits are known in the Western 
States, the largest of the secondary deposits are the sandstone-type deposits and the 
lignites. The sandstone-type deposits are most abundant in the Colorado Plateau 
region, where they include carnotite, copper-uranium, roscoelite, and asphaltite 
ores ; some may be of hypogene origin but many of them, particularly the carnotite 
ores, appear to have been concentrated in their present form by ground-water solu- 
tions. Uraniferous lignites have been found recently in the Dakotas, Wyoming, 
Idaho, and New Mexico. 


DEVELOPMENT AND APPLICATION OF AIRBORNE 
RADIOACTIVITY SURVEYING. 
FRANK W. STEAD AND FRANCIS J. DAVIS. 


The development and application of airborne radioactivity surveying on behalf 
of the U. S. Atomic Energy Commission has been a joint undertaking by the Oak 
Ridge National Laboratory and the U. S. Geological Survey. Anticoincidence 
Geiger counter detectors, scintillation counting systems, and lightweight portable 
detectors have been developed for use in multi-engine and light aircraft with the 
objective of surveying large areas in a short time at low cost per square mile. 

With a Douglas DC-3 aircraft, at a nominal 500-foot flight level and at quarter- 
mile intervals, approximately 30 square miles can be covered in one hour, or 1,500 
to 2,000 square miles per month. Aerial photographs are used for pilot guidance, 
and the flight path of the aircraft is recorded by a gyrostabilized, continuous-strip- 
film camera. The distance of the plane from the ground is measured with a con- 
tinuously recording radar altimeter, which automatically corrects the measured 
radiation intensity for variation in distance above the ground. 

Airborne radioactivity surveying is essentially a prospecting technique, by which 
the existence of radiation anomalies in a given area suggests a probability of oc- 
currence of uranium and thorium deposits. The lack of anomalies does not auto- 
matically eliminate an area from further consideration. Radioactivity surveys have 
proved useful in confirming the trend of radioactive materials based on geologic 
inferences. When combined with aeromagfietic surveys or incidental to other uses 
of aircraft, radioactivity surveying is a cheap and rapid means of prospecting. 


DISTRIBUTION OF REFRACTORY CLAY DEPOSITS IN 
EASTERN COLORADO. 


K. M. WAAGE, 


In eastern Colorado the refractory-clay products industry is concentrated in 
the Denver-Golden and Pueblo-Canon City areas, where deposits of clay in the 
Cretaceous Purgatoire and Dakota formations are readily accessible. The Purga- 
toire formation consists, in ascending order, of the Lytle sandstone and Glencairn 
shale members; it is overlain.by the Dakota sandstone. 

Dark-gray, plastic refractory clay, which occurs locally in the top of the Glen- 
cairn shale member of the Purgatoire formation, is the source bed in the Denver- 
Golden area. This bed is also worked in the Pueblo-Canon City area. Local 
stratigraphic variations are responsible for the erratic distribution of clay bodies. 
A major change of facies, from a coastal swamp to a marine environment of depo- 
sition, accounts for the lack of refractory-grade clay in the Glencairn shale member 
north of the Denver-Golden clay area. 

Refractory-grade flint and plastic clays occur as local lenses in the middle part 
of the Dakota sandstone in and southeast of the Pueblo-Canon City area. These 
clays are consistently higher in grade than the clay of the Glencairn shale member 
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of the Purgatoire formation. Apparently the clay bed was once continuous over a 
large area in south-central Colorado but was restricted to its present spotty distri- 
bution by erosion prior to the deposition of the top part of the Dakota sandstone. 
Only the Pueblo-Canon City area contains appreciable reserves of clay; it is 
potentially the largest source of refractory-grade clay in the Western Interior. 





WOLLASTONITE—A NEW VENTURE IN NON-METALLIC 


MINERALS. 
F. S. CARPENTER, A. L. HALL, R. N. SECORD, AND C. A. STOKES. 


This paper describes the successive steps in the commercialization of wollaston- 
ite, a non-metallic mineral new to industrial use. The applications research and 
market development results, which will be given, indicate that wollastonite will 
fill a basic need in several large industries. A 50,000 ton/year plant is now in 
construction based on a large proven reserve of uniform ore, while an existing 
small commercial unit supplies 20-30 tons/day for market development and trial 
production runs. This uniform quality fibrous calcium silicate gives improved 
properties to technical and utility ceramics, to paints, and to paper coatings. Proc- 
essing techniques are described in detail. 


DISTRIBUTION AND ORIGIN OF PHOSPHATE IN THE 
LAND-PEBBLE PHOSPHATE DISTRICT 
OF FLORIDA. 


J. B. CATHCART AND D., F. DAVIDSON, 


The land-pebble phosphate district of Florida is a part of the Gulf coastal plain. 
The geologic formations dropping out in the district are the Miocene Hawthorn, 
Pliocene Bone Valley, and Pleistocene terrace sands. 

The Bone Valley formation consists of a lower strongly phosphatic unit and 
an upper less phosphatic unit. This paper is concerned only with the lower unit, 
which contains the bulk of the minable phosphate deposits of the district. 

The land-pebble district is divided into two parts: a northern part in which the 
POs content of the pebble phosphate is high and a southern part in which it is gen- 
erally lower. These areas appear to reflect, at least partly, the character of the 
underlying Hawthorn formation. The northern part of the district is underlain by 
limestone of the Hawthorn formation, and the phosphate deposits contain abundant 
phosphatized limestone fragments. ‘The southern part is underlain by sandy and 
silty Hawthorn, and the phosphate deposits contain little if any phosphatized lime- 
stone. 

The northern part of the district may be divided into three parallel, roughly 
north-trending belts, the central one containing large phosphatic particles with low 
P:Os content and the outlying two containing smaller phosphatic particles with a 
high PsOs content. 

Recent studies have led to the conclusion that the pebble phosphate of the central 
belt of the northern part of the district is depositional and that the phosphate in 
the outlying belts may be, at least partly, residual in origin. 


FACTORS INVOLVED IN ESTIMATION OF BENTONITE RESOURCES. 
MAXWELL M. KNECHTEL AND SAM H. PATTERSON, JR. 


Estimation of ultimate tonnages of bentonite present and available for mining 
in any region or locality involves assumptions having to do with (1) bulk density 
of the raw material, (2) dimensions of minable deposits, (3) character and thick- 
ness of overburden, (4) variations in quality of the clay with reference to current 
specifications for commercial material, and (5) probable revision of specifications 
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as technology improves. Among the most critical factors affecting the computa- 
tions involved are variations in purity, moisture content, colloidality, thickness, 
continuity, stratigraphic relations, and geologic structure of the deposits and the 
topography configuration of the lands they underlie. Uncertainties relating to such 
factors inevitably loom large in estimates of regional resources but can be largely 
dispelled within limited areas through intensive geologic, topographic, and labora- 
tory investigation. 


URANIUM DEPOSITS OF THE GRANTS DISTRICT, NEW MEXICO. 
CHARLES C. TOWLE AND IRVING RAPAPORT. 


Uranium mineralization along the north flank of the Zuni Uplift in northwest 
New Mexico was discovered in the spring of 1950, on land owned by the Santa Fe 
Railway. An extensive exploration program was undertaken by Santa Fe in De- 
cember, 1950. Test-pits were sunk and samples were crushed, split, and assayed, 
and lithology was recorded. ‘Test-pitting has since been replaced by wagon-drilling. 
Anaconda Copper Mining Company, which has been active in exploration and de- 
velopment of this district since January 1951, is planning construction of a custom 
mill employing an alkaline leach process. 

The Zuni Uplift is a northwest-trending dome of early Tertiary age, which oc- 
cupies approximately 2,000 square miles. Irregular, blanket-type uranium deposits 
are in terrestrial Jurassic sedinients. The principal ore-horizon is the upper re- 
crystallized portion of the Todilto limestone. This limestone erodes as benches 
one-half to three miles wide, enabling relatively cheap exploration and open-pit 
mining. Ore deposits have also been discovered in the sand lenses of the Morrison 
formation, 500 to 800 feet stratigraphically above the Todilto. The Morrison erodes 
into steep cliffs, necessitating more expensive exploration and mining methods. 

The uranium minerals in the Todilto are carnotite, tyuyamunite, and urano- 
phane; finely disseminated pitchblende is found where the deposits are removed 
from the effects of superficial oxidation. Gangue minerals are pyrite, hematite, 
calcite, and traces of barite and fluorite. The sandstone ores in the Morrison con- 
tain carnotite and schroeckingerite, associated with limonite and organic material. 
The ore deposits are believed to have achieved their present form by the lateral 
percolation of slightly heated Tertiary waters. Uranium, however, may have 
originally been contributed during the Jurassic. 


THE HAMME TUNGSTEN DEPOSIT. VANCE COUNTY, 
NORTH CAROLINA. 


CARLTON HULIN. 


DEVELOPMENT OF URANIUM MINING IN THE GRANTS 
NEW MEXICO AREA. 
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SCIENTIFIC NOTES AND NEWS 


The first number of Volume I of Economic GroLocy was published in Novem- 
ber, 1905, and the Journal, therefore, will celebrate its 50th Anniversary in 1955. 
The Board of Directors of the Economic Geology Publishing Co. have decided to 
initiate plans for the publication of a 50th Anniversary Volume and appointed an 
Exploratory Committee consisting of H. G. Ferguson, H. E. McKinstry, and F. M. 
Chace to consider the scope of the volume and recommend a Permanent Committee. 
A Permanent Committee has now been set up as follows: H. G. Ferguson, Chair- 
man, T. M. Broderick, F. M. Chace, D. M. Davidson, R. K. DeFord, E. C. Harder, 
R. H. Jahns, R. F. Legget, M. M. Leighton, H. E. McKinstry, A. N. Sayre, and 
G. M. Schwartz, with Alan M. Bateman ex-officio member. 

The Committee has decided to elicit for the jubilee volume review articles that 
give comprehensive summaries of the literature baring on specific subjects of eco- 
nomic geology, rather than a whole field or subfield, and which will give a maxi- 
mum of critical analysis and, especially, of constructive synthesis of the existing 
data. The authors’ own contribution of new factual data should be subordinate. 
Some geologists have been seeping themselves in the literature of subjects of par- 
ticular interest to them and many of such subjects undoubtedly could be worked up 
into suitable jubilee articles. The Committee has already arranged for several 
articles and would welcome other suggestions or offers of titles by prospective au- 
thors to determine their suitability for insertion in the Anniversary Volume. 

The jubilee articles will probably be designated as such and printed throughout 
the 50th Volume, and then assembled at the year end into a separate Anniversary 
Volume available for sale. 


Freperic M. Cuace has resigned from the U. S. Geological Survey and joined 
the geological staff of the M. A. Hanna Company. 


The Society of Exploration Geophysicists held its fifth annual midwestern meet- 
ing at Dallas on November 19 and 20. The technical program consisted of thirty 
articles by thirty-seven exploration technologists concerned with the location of the 
oil reserves of the central United States. The Geophysical Society of Tulsa acted 
as host for the meeting, which was sponsored by the five midwestern local sections 
of the SEG in Dallas, Fort Worth, Midland, Shreveport, and Tulsa. 


W. M. FIep.er, assistant chief geologist for Jones & Laughlin Steel Corpora- 
tion, Pittsburgh, Pa., has been appointed chief geologist, succeeding L. P. Barrett, 


now geological consultant to the vice president. J. P. McKee is Dr. Fiedler’s new 
assistant. 


RoLtanp I. Erickson is now professor of mining at the University of North 
Dakota in Grand Forks. He resigned his position as chief engineer and assistant 
superintendent with the Reserve Mining Co. at Babbitt, Minn. 


F. G. Snyper has left the University of Tennessee geology department and 
joined the geological staff of the St. Joseph Lead Co., Bonne Terre, Mo. 


Frep Howe tt, chief geologist at Federal Mining and Smelting Co.’s Page mine, 
has resigned to accept employment with Climax Molybdenum Co. at Climax, Colo. 


R. C. Harr has been promoted from chief geologist to general superintendent 
of Preston East Dome Mines, Ltd., near Timmins, Ontario, Canada. He is suc- 
ceeded by DAN Firtu. 
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D. S. Turner, formerly assistant professor of geology in mineral deposits and 
mining engineering at the University of Wyoming, is now research geologist with 
the Carter Oil Co., Tulsa, Okla. 


Tuomas C. BAKER has resigned as director of the Foreign Division, Defense 
Minerals Administration, to join Canadian Exploration, Ltd., a subsidiary of Placer 
Development. Mr. Baker, a consulting engineering, will be located in San Fran- 
cisco, Calif. 


F. Stearns MAcNetu of the U. S. Geological Survey was detailed from the 
Paleontology and Stratigraphy Branch to Military Geology Branch and arrived in 
Tokyo October 12. Mr. MacNeil will be Geologist-in-Charge of Project Atoll, 
which is making a 4-month geological and botanical reconnaissance study of 11 
atolls in the Marshall Group. 


Dr. J. R. VAn PELt, president of of Montana School of Mines and director of 
the Montana Bureau of Mines and Geology, has been appointed by Governor John 
W. Bonner as an advisor to the Montana State Land Board on the allocation of 
mineral-bearing land. 


Proressor Lester KinG, geomorphologist, of the University of Durban, Union 
of South Africa, visited the U. S. Geological Survey in Washington, D. C. during 
the latter part of October. He is to deliver a series of lectures at colleges through- 
out the country. 


CarL SCHMEDEMAN, Chief Geologist and Vice-President of Reynolds Mining 
Company, died in Mexico City on December 4 as a result of a heart attack. 


Grorce L. ScHorcHLE, Secretary-Treasurer of the Pan American Institute of 
Mining Engineers and Geologists, OLaF N. Rove, and Jewett J. Grass, all of the 
U. S. Geological Survey, attended the First Inter-American Convention on Mineral 
Resources, which was held in Mexico City from October 29 to November 4, 1951. 


At the recent meeting of the International Union of Chemistry in New York 
and Washington, the Commission on Geochemical Localization of the Elements, 
organized by the Section of Inorganic Chemistry, held its first meetings. It was 
agreed that one of the needs of the field that could be met by the Commission was 
to act as a central source of information as to what research in geochemistry was 
being undertaken and where. It is therefore requested that persons and organiza- 
tions that now have under way or that expect in the near future to undertake 
research projects or bibliographic projects in the field of geochemistry inform 
the Commission of these projects and their scope. Those in the Western Hemi- 
sphere should write to Dr. Michael Fleischer, U. S. Geological Survey, Washing- 
ton 25, D. C.; those elsewhere should write to Professor T. F. W. Barth, Geologi- 
cal Museum, Oslo 45, Norway. 


Foreign visitors to the Washington, D. C. offices of the U. S. Geological Sur- 
vey during October included J. M. Raynor of the Australian Bureau of Mineral 
Resources, Geology and Geophysics, who was interested in airborne magnetic and 
radioactivity surveys; Proressor ANTon1o MarussI, Instituto Geographico Mili- 
tary-Firenze, of the University of Trieste, who discussed geodesy and gravity 
applied to geology; Proressor K. SuGAwArRA, University of Nagoya, Japan, and 
Dorotuy CARROLL, of the Linneau Society of South Australia, visited the Wash- 
ington Investigations Section of the Geochemistry and Petrology Branch. 


ProFressor HipAsut Kuno of the Imperial University, Tokyo, visited the Gen- 
eral Geology Branch in Denver to discuss volcanological matters of mutual interest. 











